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Abstract 
Low power portable gas sensors have been increasingly demanded by a big variety of 
applications spanning from environmental monitoring to safety screening. 
Commercially available gas sensors are typically based on metal oxide 
semiconductors or polymers, and often use complex detection methods such as gas 
chromatography or calorimetry. These sensors are not suitable to be integrated into 
devices with high portability and low power requirements. Moreover they still suffer 
reduced life time, high operating temperature and poor miniaturization. Carbon 
nanomaterials have proven to be excellent candidates to meet this demand due to 
their peculiar electronic and morphological properties. Sensitivity down to single 
molecule has been reported, however the sp2 covalent bonding of graphene exhibits 
low reactivity with the surrounding environment. Graphene sensors still suffer of 
poor reversibility at low temperatures. 
Chemical composition and film morphology are key parameters which can greatly 
influence the sensing mechanism involved in gas molecules interaction. In recent 
years, tremendous research efforts have been directed into the optimization of 
chemical functionalization and thin film morphology in order to overcome poor 
reversibility and low reactivity typically affecting carbon nanomaterials. The aim of 
this project is to further investigate on room temperature conductometric gas sensors 
using carbon-based nanomaterials as sensing element. 
 
 
 
The methodology to tackle this research topic consists of six stages:  
 Literature review 
 Material development 
 Material Characterization 
 Device fabrication 
 Gas sensing characterization 
 Data analysis and modelling 
After a wide study on chemical sensor, a variety of carbon-based nano-materials have 
been developed. In particular alkali-metal dopants and metal oxides for the 
functionalization of graphene oxide have been investigated, with the aim of enhancing 
the gas sensing performance. This involved graphene oxide solution preparation, 
functionalization of graphene oxide, chemical and thermal reduction of chemically 
modified graphene and material deposition.  
Since the surface morphologies and properties of the developed materials strongly 
influence the gas sensing performance, it was essential to use characterisation tools to 
study and understand their physical and chemical properties. A variety of analyses have 
been conducted to check the material morphology and composition including Raman, 
X-ray photoelectron spectroscopy, Scanning Electron Microscopy and Atomic Force 
Microscopy analysis. The data obtained from the characterisations are the key to 
improve and optimise material morphology and properties. In order to perform 
conductometric test, the prepared materials have been deposited onto interdigitated 
electrodes with 250 µm finger gap through a variety of methods including filtration, 
sputtering and drop casting. The developed sensors have been measured in a fully 
automated multi-channel gas testing system, enabling the collection of a large amount 
of data over a wide combination of gas concentration, mixtures and temperature. The 
dynamic response of the sensor to the target gas has been measured as a change in the 
current magnitude, while the sensor is biased at a constant voltage. By analysing the 
data we looked for the right combination of doping material, degree of reduction and 
thickness leading to an optimal performance of the device. The acquired data 
provided also input for a description of the gas sensing mechanism, to better 
understand the physics beneath this process. A theoretical analysis of the established 
process models has been performed. 
In particular the following nano-materials have been developed as sensing layers for 
gas sensors: 
 ultrathin films produced by dip coating using dissolved CNTs in chlorosulfonic 
acid as a working solution   
 caesium doped graphene oxide in aqueous solution drop-casted on standard 
interdigitated Pt electrodes 
 hybrid reduced graphene oxide – tungsten oxide films fabricated combining 
filtration technique and DC reactive sputtering 
We found that these materials exhibit good sensitivity at room temperature against 
oxidising and reducing gases, down to the ppm range. The recovery time is improved 
with respect to similar materials tried so far, opening the way to realise ultra-low-
power sensing devices. The extremely low power consumption and simple 
architecture are a step forward towards the integration into modern portable 
microelectronics devices. 
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Chapter 1 
 
1 Introduction 
1.1 Motivation 
Increasing concerns for global warming, pollution, safety and security have prompted 
a rising need of gas sensors for a wide range of applications such as domestic gas 
alarms, medical diagnostics, health care, safety, defence, automotive, aerospace and 
environmental monitoring [1]. The development of nanotechnology is creating an 
increasing potential to build highly sensitive, low cost, portable sensors with low 
power consumption using nanostructured materials as the sensitive layer. The 
nanostructured materials have a high surface to volume ratio. Therefore, they might 
provide the opportunity to detect single molecules or atoms, a giant leap in sensitivity 
if compared with the thin film devices based on conventional material [2]. It is also 
possible to obtain better sensitivity by engineering the structural and morphological 
properties of nanomaterials. Nanostructured materials bring the additional advantage 
to minimize the time required for analytes to diffuse into or out of the volume [2]. This 
definitely improves the time required for a sensor to raise an alarm preventing a 
potential disaster. As a result, nanotechnology offers sensors with higher sensitivity 
and reliability than the conventional based devices.  
Interest in designing and synthesizing nanostructured materials for gas sensing 
applications has grown exponentially worldwide in the last few decades as shown by 
the growth of investigations in literature. The nanostructured materials such as metal 
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oxides in the form of nanoparticles, nanowires, nanorods, nanoplatelets and nanobelts 
[3-10], carbon nanotubes[11-13], graphene and functionalised graphene[14, 15] have 
shown potential to increase sensors’ performance.  
Sensitivity is typically the first parameter analysed when evaluating the performances 
of a gas sensor, whilst selectivity is also crucial, but also more difficult to achieve as it 
requires systems with increased complexity[16].  
In the past decades chemical sensing has been realized using laboratory methods 
requiring bulky and expensive instrumentation. Although they achieved excellent 
performances, these methods are not suitable to meet the current demand of devices 
with low power and high portability requirements. Moreover these technologies 
require sample preparation procedures before the analysis, which are not compatible 
with real time and on-site monitoring applications.  
An effective solution to overcome these limiting factors is solid-state chemical sensing. 
Excellent sensitivities to a variety of toxic gases and volatile compounds down to ppb 
levels have been achieved. Devices based on different sensing principles have been 
reported including chemiresistors, piezoelectric, calorimetric and surface acoustic 
[17]. Among these ones, chemiresistors achieved a considerable success in 
commercial applications because of their high sensitivity and low production costs 
[16, 18] . 
Low operating temperature has been an increasingly important feature given the 
increase of portable low power electronic devices. Although metal oxides achieved 
excellent sensitivities to a wide variety of gases and fast recovery, the high operating 
temperatures make these materials unsuitable for low power applications[19]. 
Carbon nanomaterials such as carbon nanotubes and graphene offer high sensitivity 
even when operating at room temperature and better long term stability, although 
21 Chapter 1 
their long recovery time often limit the implementation in real time monitoring 
applications [20].   
In this PhD research, the author aims at developing highly sensitive and selective 
conductometric gas sensors based on functionalised carbon nanomaterials operating 
at room temperature. Sensing layers with different doping materials and 
concentrations will be produced and characterized. Gas performances will be 
evaluated by measuring resistivity variation upon exposure to NO2 and NH3 gases, 
whose detection is critical for a variety of applications such as environmental 
monitoring and security. 
1.2 Outline 
Chapter 2  provides general information on conductometric gas sensors and their 
properties, a literature review on synthesis methods and sensing performances of 
graphene, graphene-oxide, Carbon Nanotubes (CNTs), metal oxides and hybrid 
graphene/metal-oxide composites. 
Chapter 3 describes the procedures followed to perform gas-sensing measurements. 
It includes a detailed description of all instrumentations used, the gas mixing units 
and the control interface developed for measurement automation. A description of the 
interdigitated electrode (IDTs) design and realization technique is also given. 
Chapter 4 presents the results. This chapter consists of three sections, describing the 
results of three different materials. In section 4.1 the sensitivity of Graphene Oxide 
films doped with Cs (GO-Cs) to NO2 is examined. Section 4.1 describes the gas sensing 
performances of thin CNT films toward NO2 and NH3. Section 4.3 examines the gas 
sensing performances to NO2 of the hybrid material made by mixing reduced 
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Graphene Oxide (rGO) and Fe-doped WO3 at different temperatures as function of rGO 
loadings. 
0summarises the main findings of this PhD research project and suggests the future 
possible direction for further research. 
 
   
Chapter 2 
2 Literature Review 
The mechanism at the base of chemical sensing is the conductivity variation due to the 
charge transfer between the sensing layer and the target molecules. 1-D and 2-D 
nanostructures are particularly suitable to this application because of their large 
surface-to-volume ratio. A small charge transfer on the surface can therefore result in 
a big variation of their electrical properties. Depending on their molecular structure, 
gases can act as holes or electrons donors. The depletion of holes from the conduction 
band induced by n-type dopants, such as NH3, decreases the material conductivity, 
while p-type dopants, such as NO2, generate an increase of conductivity by enhancing 
holes conduction [21, 22].  
The main performance parameters considered in the literature to evaluate sensors 
are: response time, recovery time, working temperature and sensitivity. The 
sensitivity or sensors response (R) of a thin film is typically calculated according to 
the equation:  
 𝑅(%) = 100 ×  
(Rgas − Rair)
Rair
=  100 ×
ΔR
 Rair
 
 
Eq. 1 
 
where Rair is the film resistance under synthetic air only and Rgas is the film resistance 
during target gas exposure. The response of the sensor upon exposure to a specific gas 
depends greatly on the sensing material, fabrication process and morphology. 
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2.1 Metal oxides chemical sensors 
Among the different nanomaterials that could be considered for gas sensing, metal 
oxides have been attracting a great deal of interest because of their simple and cost 
effective fabrication methods, high sensitivity and fast response [23]. Compared to 
their thin film counterparts, single crystal quasi-one-dimensional metal oxide 
nanostructures exhibits much higher gas sensing performances [24].  
After Comini’s first proposal to use nanowires as conductometric chemical 
sensor [25], other researchers investigated various metal oxides such as SnO2, TiO2, 
ZnO and In2O3[10, 26-28], with different structures and morphologies such as rods, 
tubes, ribbons and rings [29-31]. These nanostructures can be arranged in different 
ways for the fabrication of a sensor. Even if the single nanowire configuration can lead 
to a better understanding of the chemisorption process, the majority of authors in the 
literature are using multiple nanostructures because of the difficulty in realising 
reliable electrical contacts on a single nanowire. Several research groups investigated 
different processing routes for the production of 1-D nanostructures. Each process is 
characterized by different yield, cost, and quality of the resulting material. They can be 
divided into three categories: (i) wet processing routes, (ii) solid state routes and (iii) 
vapour-phase routes. Wet processing routes include hydrothermal [32] and ultrasonic 
irradiation [33] in aqueous solution, while nanocarving [34] and direct oxidation [35] 
are example of solid processing routes often used for the fabrication of SnO2. Vapor-
phase processing routes include thermal evaporation [36], vapor-phase transport [37] 
and RF sputtering [38]. Depending on the material, morphology and fabrication 
process, these devices achieved good sensitivities, with lower detection limit down to 
3 ppm of H2S and 5ppm of CO [39]. Among possible different nanostructures 
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assemblies, vertically aligned nanorods exhibited better response, as reported by 
Yang et. al., with 100ppm sensitivity to ethanol at 300 °C [33]. Surface morphology 
also plays a crucial role. Wang et. al. [40] showed that surface roughness improves the 
sensitivity of ZnO nanorods, because it provides more active sites for oxygen and 
reducing gases on the surface of the sensor material. Alternatively, surface area can 
also be increased by producing smaller nanostructures [41, 42], although it must be 
considered that gas sensors with finely dispersed grains do exhibit higher sensitivity, 
but suffer of instability.  
 
Figure 1: ZnO nanostructures. (a-b) Nanorods produced by hydrothermal process (c)vertically 
aligned nanorods produced by chemical vapor deposition and (d)Hierarchical dendrites 
produces by vapor-phase transport process [23]. 
It has been demonstrated how the sensitivity and selectivity of metal oxides 
nanostructures can be improved by loading small amounts of noble metals onto their 
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surfaces as catalysts or promoters [43, 44], such as Pt on TiO2 nanotubes and In2O3 
nanofibers [45, 46] and Au on In2O3 [39].  
In one of my recent works I reported [47] on enhanced NO2 gas sensitivity of WO3 
with 2.6% Fe thin films operating at 150 °C. This result has been explained by the 
decreased optical band gap and increased number of defects introduced by the Fe 
dopants.  
Compared with their unmodified counterparts this structures exhibited higher 
sensitivities, but also higher instability. The optimization of the gas-sensing 
performance is therefore a very complex task, because the improvement of one 
parameter could cause the worsening of other characteristics.  
Metal oxides sensors exhibits good sensitivity only at high temperature, in the range 
of 200-400 °C. This is a serious drawback that makes difficult their utilization in the 
portable devices, where power consumption is a critical parameter. Sometimes metal 
oxides performances are limited also by the low conductivities of their 
nanostructures. For these reasons a large effort of the research community is placed 
in synthesizing and testing alternative materials, providing high sensitivity and low 
power consumption. 
2.2  Carbon nanostructures and graphene gas sensors 
In the last few years carbon nanomaterials such as nanofibers, nanotubes and 
graphene attracted a lot of attention in the gas sensor community [20]. Their unique 
electronic, mechanical and optical properties can be exploited to develop high 
sensitive and low power devices. While it is possible to produce structures ranging 
from nanosized molecules to tubes with several microns length, they do not exhibit 
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the instabilities typical of metal oxides nanostructures. Contrary to polycrystalline 
metal oxides, they are not affected by grain boundary poisoning, which results in an 
increased life span and long-term stability of the device. Moreover, carbon 
nanomaterials offer good sensitivity also at room temperature [48-51], which make 
them good candidate for low power applications [52]. They can often be produced by 
using technologies commonly adopted in the electronic industry such as lithography, 
suitable for cost effective and scalable production processes.  
Carbon nanofibers, i.e. nanosized carbon fibres formed at catalytic metal particle 
surfaces, have proven to be good candidates for gas sensing purposes. These fibers are 
usually mixed with a polymer matrix or other materials such as toluene and 
polystyrene to increase their stability [53]. By optimizing the fabrication process it is 
possible to improve the sensor response by either increasing the fibre porosity [54] or 
decorating them with nanoparticles such as Pd [55] and metal oxides like ZnO or SnO2 
[56]. 
Carbon nanotubes (CNTs), tiny tubes made by graphene sheets rolled at specific 
angles (Figure 2), are composed entirely by sp2 bonds, which are characterized by a 
low chemical reactivity with the molecular environment. Consequently, 
functionalization of the CNT surface is required to improve sensitivity and selectivity 
of a CNT based gas sensor.  
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Figure 2: SEM image of CVD-grown multiwall carbon nanotube bundles [20]. 
Their good response to NO2 and NH3 was first demonstrated by Dai et. al. [57], while 
the same year Zett et. al. [58] reported the extreme sensitivity to oxygen of CNTs. 
Further investigations by Goldoni et. al. [59] confirmed NO2, SO2 and NH3 sensitivity 
but showed that the reaction to oxygen, nitrogen and carbon monoxide are caused by 
contaminants, catalyst particles and defects left on CNTs during the fabrication 
process. After a thermal treatment, that strongly reduced the number of defects and 
contaminants, the sensor was found insensitive to O2, N2 and CO, while a strong 
sensitivity to NO2, SO2 and NH3 was confirmed. Therefore the cleaning of CNT surface 
achieving a perfect control of surface defects is the key to obtain consistent results. 
This characteristic can be exploited to tailor gas response to specific gases. 
Recently Abdelhalim et. al. [50] reported excellent sensitivities at room temperature 
of CNTs functionalized with Au and Pd nanoparticles. The films were prepared using a 
low cost spray process technique with Au and Pd nanoparticle deposited by thermal 
evaporation. CNTs functionalized with 1 nm Au reached 25% sensitivity upon 
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exposure to 10 ppm NO2, although full recovery was only achieved by heating the 
sample.  
Film characteristics such as film thickness and network density have also a big impact 
on the performances of CNT sensing devices. Battie et. al. [60] investigated the 
influence of film thickness network densities. It was found that the higher density 
sample had a lower detection limit (500ppb for NH3 and 20ppb for NO2) because of 
better signal to noise ratio, although the resistivity variation of the low density film at 
200pmm of NO2 and NH3 was larger. Valentini et. al. [61] fabricated a 200 nm SWCNTs 
film with a remarkable 6% signal variation when exposed at 100 ppb NO2 at room 
temperature. However the device did not fully recover to its original value unless 
heated at 165°C. Excellent 30 s recovery time after hydrogen exposure was achieved 
by Sippel-Oakley et. al. [62] with a 7 nm Pd-functionalized SWCNTs thin film produced 
by filtration.  
Thin CNTs film deposition technique has been extensively investigated in the past and 
can be categorized into dry [63, 64] and wet methods [65, 66].  
In the dry method approach nanometer thick films are produced by drawing CNTs 
from super-aligned CNTs array without any significant loss thus leading to a high 
production yield. As a drawback the resulting CNTs films have relatively high sheet 
resistance, low light transmittance [67] and only relatively small amounts of the 
material can be produced. 
Wet methods involve the dispersion of commercially available CNTs into a liquid 
medium followed by the fabrication of thin film from the liquid phase. In order to 
obtain well-dispersed solutions, centrifugation is usually needed to remove big 
aggregates. To contrast the formation of agglomerations and bridges and to improve 
the dispersion newly created functional groups surfactants are usually employed [68]. 
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The solution can then be deposited to form a thin film using a variety of methods 
including spray coating [68-70], filtration [71-73], dip-coating [74, 75] and rod-
coating[76]. In particular it has to be noted that membrane filtration and 
electrophoretic deposition bring an added value: the former enable the deposition of 
self-standing CNTs upon membrane decomposition, while the latter yield a 
preferential alignment of CNTs due to the presence of strong electric field [77]. These 
methods are suitable for scaling up and can be easily tested in a laboratory. However 
the multi-step processes and the involvement of harsh chemicals deteriorate CNTs 
electrical properties.  
A theoretical study [78] was recently presented to describe CNT-metal cluster hybrids 
as sensitive material, where the metal clusters were used as reactive sites for the 
adsorption of the target molecules. According to the calculations, the CNT-metal 
cluster hybrids could be tailored for the detection of particular chemical reagents. The 
use of small clusters, where a small charge adsorption can cause a big variation on 
electronic properties, was the key point to achieve good results.  
 
Figure 3: TEM micrographs of multiwall carbon nanotubes decorated with Au nanoparticles to 
improve gas response to CO, CH4 and H2  [79]. 
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This concept was used by several groups that decorated CNTs with different materials 
such as Pt, Au and Pd [80] to enhance the selectivity of the adsorption process to 
different gases such as CO, NO2, and CH4 [79, 81].  
One of the challenges associated with the decoration of CNTs with metal nanoparticles 
is to achieve a uniform distribution and strong anchoring to the CNTs. Among the 
different processes reported, plasma treatment [82-85] achieves better results. In fact, 
the plasma treatment not only allows the cleaning, activation and metal decoration of 
CNTs, but also allows control on particle size, shape and diffusion. The chemical 
decoration significantly improves the sensing performances of carbon nanostructures, 
however further efforts are required to simplify production processes thus lowering 
manufacture costs. 
2.3 Graphene-oxide gas sensors 
Graphene, a single layer of carbon atoms arranged in a honeycomb lattice {Geim, 2007 
#110} has been used also as gas sensing material [86, 87]. Intrinsic low noise 
structure, large specific surface area and extraordinary mobility of carriers are the 
unique properties that make graphene-based materials excellent candidates for 
chemical sensing with detection limit down to ppb level [22, 88-96], although special 
care is required to avoid surface contamination caused from the lithographic process 
[97] is to be taken. 
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Figure 4: Micrograph of the atomic structure of graphene. The TEM image was taken at an 
accelerating voltage of 80 kV. Carbon atoms appear dark and reveal the hexagonal lattice of 
graphene [20] 
Theoretical [98-100] and experimental [101-105] studies revealed that appropriate 
functionalization of graphene can improve significantly its gas sensing performance 
[106]. Similarly to CNTs, the presence of dopants or defects in the graphene lattice can 
increase the adsorption energy, i.e. the gas molecules can absorb more strongly on the 
doped or defective graphene than the pristine graphene resulting in an enhancement 
of the sensitivity or selectivity.  
In [98] the interactions between four different type of graphene (pristine, B- or N-
doped, defective) and small gas molecules (CO, NO, NO2 and NH3) were investigated 
by using density functional computations to exploit their potential applications as gas 
sensors. The adsorption energy of small molecules on graphene was calculated as: 
 𝐸𝑎𝑑 = 𝐸(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒+𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒) − 𝐸(𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒) − 𝐸(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒) Eq. 2 
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where E(molecule+graphene), E(graphene) and E(molecule) are the total energies of the relaxed 
molecule on the graphene system, graphene and the molecule, respectively. 
The results of simulations, showed in Table 1, predict that doped or defective 
graphene (single atom missing) have a stronger interaction with gas molecules 
compared to pristine graphene due to higher adsorption energy or lower minimum 
atom-to-atom distance.  
 
Table 1: Adsorption energy (Ead), equilibrium graphene–molecule distance (d) (defined as the 
shortest atom-to-atom distance) and Mulliken charge (Q) of small molecules adsorbed on 
pristine graphene (P-graphene), boron-doped graphene (B-graphene), nitrogen-doped 
graphene (N-graphene) and defective graphene (D-graphene) sheets. Q is defined as the total 
Mulliken charge on the molecules, and a negative number means charge transfer from graphene 
to molecule [98]. 
The calculations show that the D-graphene shows the highest sensitivity towards CO, 
NO and NO2, while B-graphene response is better for NH3. 
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In a similar way other simulations [100] predicted that the introduction Si atoms as 
dopant into graphene can greatly enhance the chemical reactivity of graphene 
towards NO. These predictions have been confirmed by experimental results [103, 
107, 108], where the incorporation of N and Si via thermal annealing drastically 
increased the sensitivity to NO2 up to 1 ppm. It has been observed that the level of 
sensitivity is proportional to the amount of N atoms, which create active sites, while Si 
atoms increase the hole-doping level of the graphene network (Figure 5). 
 
 
Figure 5: schematic illustration of the synthesis of N and Si co-doped graphene through high 
temperature annealing of N and Si-containing graphene oxide-ionic liquid composite [103] 
Though simulation results predict that doped and defective graphenes have a better 
response than pristine graphene, it must be considered that the increased binding 
energies between the modified graphenes and certain molecules could have also some 
disadvantage. For example, strong binding energies make desorption of the gas 
molecules from the sensing surface more difficult, resulting in a longer recovery time.  
Recently, graphene oxide (GO), a graphene layer decorated with oxygen functional 
groups, has been subject to extensive research [91, 109-115], as the synthesis of GO is 
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the first step to easily obtain functionalized graphene [116]. GO can be synthesized 
from colloidal suspensions of graphite derivatives [117-120], e.g. graphite oxide, a 
method significantly cheaper and scalable than most of the common processes to 
make pristine graphene sheets, like chemical vapour deposition, epitaxial growth or 
mechanical exfoliation, [121-124]. 
By dispersion and sonication of graphite oxide in aqueous solution or organic solvent, 
a colloidal suspension of GO sheets is produced. The density of oxygen functional 
groups can be easily controlled [119, 125-129] making this process a good candidate 
for graphene functionalization. The oxygen groups of the resulting GO lead to the 
disruption of the graphitic structure, thus making the material electrically too much 
insulating for resistive gas sensing applications. However, partial removal of oxygen 
groups, leading to reduced GO, can be achieved by chemical [129, 130], thermal [131, 
132] or ultraviolet-assisted process [133], achieving a conductivity and gas sensing 
performance comparable or superior to that of pristine graphene [134], due to the 
oxygen defects that behave as chemically active sites.  
Different research groups reported high gas sensing performance of conductometric 
devices based on GO [116, 126, 135], reduced GO (rGO) [101, 114, 115, 120, 136, 137] 
and functionalized rGO  [104, 138-142]. Prezioso et. al. [116] measured the NO2 
sensing performance of GO drop casted on standard interdigitated Pt electrodes. They 
reported a very low detection limit (20 ppb), which is attributed to the high quality of 
their GO samples (large and highly oxidized flakes). Robinson et. al. [136] 
demonstrated the excellent properties of rGO as sensing material. The device was 
fabricated by spin coating Si substrate with GO. The reduction of graphene was then 
achieved by exposure to hydrazine hydrate vapour at the temperature of 100 °C. By 
changing the time of exposure it was possible to tune the degree of reduction. This 
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process leaves the surface decorated with oxygen functional groups, which raised the 
sensitivity to ppb level. Not only rGO device exhibited better sensitivity compared to 
CNTs to different warfare simulants (down to ppb level), but exhibited also a 10-100 
fold 1/f noise reduction (Figure 6).  
 
Figure 6: (a) Noise density spectrum for SWNT and rGO devices. The top (light orange) curve 
represents the noise response of a SWNT sensor. The blue (lower) curves show the noise 
response of a 2 and 4 nm rGO sensor. (b) Sensor response (ΔG/Go) of a SWNT and rGO device to 
30 s pulses of 0.5 ppb DNT (dinitrotoluene). (c) Plot of noise density at 1 Hz vs hydrazine 
reduction time for GO films with the same thickness. The red line marks the thermal noise 
limit [136]. 
Low frequency noise can be generated by trapped charges or by structural defects in 
the structure. The screening effect demonstrated in bilayer graphene [143] has been 
identified as the main reason for the better performance of rGO, whose noise level 
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decreases with  increasing film thickness. However, the lower noise level must be 
balanced with the reduced sensitivity of thicker films. This in accordance with the 
findings of Yuan et. al. [142], who proved that a reduction in the thickness of the rGO 
layer below 5 nm results in a significant enhancement of the sensitivity [142]; 
although other authors claim that very thin layers would result in a not uniform 
conducting path [104]. The decoration of rGO with Pd nanoparticles using sputtering 
(Figure 7) or by alternating current dielectrophoresis has shown an improvement in 
the sensitivity to NO by a factor of 5 (down to 2 ppb at room temperature) [101] and 
to selectively react to hydrogen [104].  
 
Figure 7: low magnification TEM image of rGO with nominal thicknesses of (a) 1nm, (b) 2nm, 
(c) 3nm Pd and (d) surface coverage versus nominal thickness of Pd on rGO [104]. 
Upon exposure to hydrogen, gas molecules are adsorbed on the Pd surface and 
dissociate lowering the Pd work function. Some of these dissociated atoms move to 
the boundary region between Pd and rGO to form a dipole layer, causing an effective 
electron transfer from Pd to rGO and therefore a variation in the sensor resistance. A 
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clear response to hydrogen down to 50 ppm has been observed (Figure 8). Moreover, 
the device did not show cross sensitivity to CO and ethanol, a common problem in 
hydrogen sensors. As expected the sensitivity of the device increased with thinner rGO 
film, being adsorption a surface phenomenon.  
 
 
Figure 8: Resistance response of Pd–rGO device to (a) different concentrations of hydrogen gas 
with shaded column showing flow of H2 plotted on the right y axis (inset shows raw data). (b) 
Sensor response as a function of hydrogen concentration with fits for 6 similarly prepared 
devices [104]. 
Compared to Pd-rGO, Pd decorated graphene performed better. This is expected, 
being the graphene a single layer material, compared to the typical multi-layer 
structure of rGO platelets. However, it must be considered that Pd-rGO manufacture 
process is far more simple and cost effective.  
Recently Nantao et. al. [144] reported on room temperature NH3 sensor by using rGO 
reduced by pyrrole. Sensitivity down to 1ppb was achieved and fast recovery under 
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infra-red (IR) illumination. Lu et. al. [145] produced an ultrafast room temperature 
NH3 sensor based on FET architecture. They demonstrated that the sensing behaviour 
of rGO-FETs can be modified by applying a backgate voltage. In particular, when 
applying a positive voltage the device worked as n-type material exhibiting superior 
performances than p-type in term of sensitivity and time. This dependence could be 
attributed not only to the ambipolar transport of rGO, but also to the change in the 
graphene work function and the Coulomb interaction between NH3 and the FET 
induced by the backgate positive voltage.  
In our recent work [138] we reported on the gas sensing enhancement of caesium-
doped GO. We successfully incorporated Cs into GO leading to the reduction of oxygen 
group and achieving a 90 ppb low detection limit for NO2. This enhancement 
compared to pristine GO has been explained by the lowered work function caused by 
the Cs2CO3 groups. 
A common problem to all carbon nanomaterial sensors is the recovery time. To this 
regard, Schedin et. al. [22] demonstrated that it is possible to restore graphene to its 
initial state after exposure to NO2, CO and NH3 within 100-200s by annealing at 150 °C 
in vacuum or by UV irradiation. However, the recovery time is expected to be much 
longer if the adsorption energy is increased. Based on to the conventional transition 
state theory, the recovery time τ can be expressed as: 
 𝜏 = 𝑣0
−1𝑒
(
𝐸𝑎𝑑
𝐾𝐵𝑇
)
 Eq. 3 
where T is temperature, KB the Boltzmann’s constant and ν0 the attempt frequency. 
Increasing the adsorption energy will prolong the recovery time exponentially. The 
desorption process can be accelerated by UV irradiation [102, 146] or electric field 
[147], but  effective methods to facilitate desorption need to be further investigated.  
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2.4 Graphene/Metal oxides composites 
Recently a number of graphene - metal oxide nanocomposites have been reported for 
their improved gas sensing properties [148, 149]. The interaction between the 
graphene and the metal oxide bring about new physical and electronic properties that 
have been exploited in a variety of applications [150-152] among which, gas sensors 
with improved performances [153-159]. The operating temperature achieved by 
hybrid nanocomposites is considerably lower compared to pure metal oxide sensors. 
This enhancement has been attributed not only to the increased enhanced electronic 
conductivity at low temperatures introduced by rGO [153, 156], but also to the 
enhanced film morphology [160-164]. 
The growth of nanostructures with smaller diameters and higher density have been 
achieved using graphene and chemically modified graphene as base layer. For 
example, Cuong et. al. [165] decorated chemically converted graphene with ZnO seeds 
to induce ZnO nanorods (NRs) growth. The increased density of ZnO was reflected in 
an improved response to H2S, down to 2 ppm in oxygen. A similar sensor has been 
developed by Park and co-workers [166], where thin CVD-graphene sheets were used 
as top electrodes of vertically aligned ZnO NRs. The diameters and uniformly 
distribution of NRs was the key to achieve 9% conductance variation to 10 ppm 
ethanol.  
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Figure 9: FESEM images of octahedron Cu2O nanowire mesocrystals. (a) Overall product 
morphology of the octahedron Cu2O nanowire mesocrystals. (b) XRD of the Cu2O mesocrystals.  
Sow et. al. [160] developed a hybrid sensor composed of Cu2O nanowire mesocrystals 
grown on RGO sheets (Figure 9) and investigated NO2 detection, overcoming the low 
conductivity limitation typical of metal oxide. The material displayed an enhanced 
sensing performance at concentration higher than 1.2 ppm. This can be explained by 
the fact that metal oxides need the activation of oxygen ion to create a surface 
depletion layer. Since rGO nanosheets do not require oxygen activation, this liming 
factor is eliminated. 
Recently, Zhang et. al. [157] investigated on enhancing the gas response to NO2 of rGO 
by SnO2 decoration. The SnO2-rGO hybrid device, obtained with one-step 
hydrothermal synthesis method, showed sensitivity down to 0.5 ppm at 50 °C. The 
combination of SnO2 particles into rGOs film optimizes the materials conductivity for 
resistivity measurements. Moreover, compared to rGO, the response is faster and 
larger (Figure 10). 
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Figure 10: (a) The response curve to 5 ppm NO2 of the sensors based on rGO at 50 ◦C. (b) The 
response curve to 5 ppm NO2 of the sensors based on SnO2-rGO at 50 
◦C. [157]. 
The gas response enhancement is attributed to the interaction of between SnO2 
nanocrystals and the rGO. Two depletion layers are involved in the adsorption phase: 
the first is formed by ionized oxygens adsorbed at the surface of the SnO2 
nanoparticles, the second by the SnO2-rGO heterojunction (Figure 11).  
 
 
Figure 11: The scheme of the proposed gas sensing mechanism: the adsorption behaviour of NO2 
molecules on the SnO2-rGO nanocomposite [157]. 
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The adsorption of NO2 molecules on the first layer alters the depth of the first layer, 
which in turn modifies the depletion layer present at the heterojunction interface. The 
resistivity variation is therefore enhanced by the electronic interaction between these 
two layers. Moreover, rGO decoration with SnO2 nanoparticles provides the material 
with more active sites for NO2 adsorption, such as defects and vacancies. Cui et. al. 
[167] synthesized In-doped SnO2-rGO hybrid film by a one-pot aqueous method. The 
enhanced sensitivity to NO2 down to 0.3 ppm at room temperature was attributed 
both to the presence rGO and Indium doping, although recovery was very slow. 
The sensing mechanism of graphene-SnO2 hybrid structures has been further 
investigated by Chen and co-workers [163, 167, 168]. According to their results the 
presence of a depletion region at the interface between rGO and SnO2 causes a 
migration of electrons attracted from the rGO to SnO2 . This is reflected in a shift of the 
Fermi level of rGO towards the conduction band thus increasing the conductivity. On 
the contrary, when exposed to NH3, less electrons are released into rGO causing a 
decrease of conductivity compared to pristine rGO.  
A similar sensing mechanism has been suggested by Singh et.al. [158] who reported 
on room temperature detection of CO, NH3 and NO molecules using  ZnO-rGO hybrid 
films. They hypothesized the presence of two depletion regions at the ZnO surface and 
at the ZnO-rGO interface whose width is modulated upon molecules adsorption. 
Thermal activation typical of ZnO is not necessary because of graphene, whose 
presence also enhances the morphology of ZnO. This is reflected in lower operating 
temperature and increased sensitivity. 
Su et. al. [154] recently reported on hybrid WO3/rGO deposited on alumina substrate 
by combining one-pot polyol process with the metallo-organic-decomposition (MOD). 
The introduction of rGO reduced the inner WO3 resistivity achieving sensitivity as low 
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as 0.5 ppm of NO2 at room temperature. Furthermore the gas response of WO3 with 
different amounts of rGO was investigated. In case the amount of rGO exceeded the 
percolation threshold, no response to NO2 was recorded.  
An et. al. [169] investigated on the incorporation of different amount of single 
crystalline WO3 nanorods on the surface of graphene through a one-step 
hydrothermal method. It was found that the response to NO2 of WO3 nanorods/3.5 
wt% graphene nanocomposite is 25 times higher compared to pure WO3. 
Despite the large amount experiments and theoretical studies investigating on the 
sensing mechanism, little attention has been dedicated to study the effects of humidity 
on the sensing performances. Humidity plays a significant role in real life conditions 
where the sensors are called to work. Although graphene can act as humidity sensor 
[170-172], experiments reported in literature are usually performed in dry air 
conditions. It is known that the presence of humidity in the environment can 
drastically affect the detection ability of gases [173, 174]. For example SWCNT tend to 
react to background humidity, thus screening small signal variations induced by 
molecules adsorption [175]. The only study that investigated on the influence of 
humidity on graphene based gas sensor has been reported by Kim et. Al. [176]. They 
discovered that the addition of water molecules amplifies the role of accepting 
electrons of NO2, but when mixed with NH3 they formed NH4OH which instead acted 
as electrons donor contrary to what expected. Zilberman et. al. [177] found reduced 
resistivity variations caused by water molecules by coating CNTs with a layer of 
organic film,  but further improvements are needed for carbon nanomaterials to 
operate efficaciously in real life conditions. 
Various techniques have been reported for the fabrication of graphene and its 
compounds-metal oxide composites materials, including solution mixing method, 
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hydro/solvothermal method, in situ growth method and photo reduction method 
[156, 169, 178-181]. Each technique has its own advantages and limitations. 
Solution/mixing method is the most attractive for simplicity of preparation while 
hydro/solvothermal method is better for the chemical bonds formed between the 
metal oxide and the graphene. 
2.5 Research Gap 
The literature review highlighted four main research gaps in graphene-based gas 
sensors: 
1. Selectivity and fast response by chemical doping of graphene oxide; 
2. Mass-market applications for carbon nanomaterials sensors working at room 
temperature. 
3. An effective method to accelerate desorption of gas molecules from the sensing 
surface;   
4. Selectivity and fast response/recovery of sensor based on metal 
oxide/graphene hybrid and composite sensor. 
2.6 Research Problem 
Literature has shown that carbon nanomaterials are promising for gas sensing 
applications because of their unique electrical, optical and mechanical properties [86, 
87]. Their gas sensing performances can be enhanced by using different methods to 
introduce defects or attach functional groups to their surface. 
Although the pristine graphene reacts poorly with external agents, it is still possible to 
increase its sensitivity by functionalization. The functionalization can be realised in 
many different ways, spanning from acid treatment in order to create defects [104], to 
covalent attachment of molecular complexes [182, 183]. Reduced graphene oxide 
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(rGO) is a very appealing way of functionalising graphene, combining ease of 
production and low cost, along with an excellent sensitivity characteristic [112]. 
However, the sensors based on rGO suffer from lack of selectivity and poor 
reversibility.   The rGO is not a stoichiometric complex, and the sensing performance 
can be correlated to the kind and the number of complexes attached to the graphene 
layer [136].  Therefore, it is essential to further investigate the role of chemical 
attachment to the graphene layer in the sensing mechanism.  
Surfactants adsorb strongly on CNTs and their removal requires expensive thermal 
treatment. This results also in lower production yields, although the thin films 
obtained in this way are typically more conductive compared to dry methods. Further 
efforts are therefore needed to simplify existing processes, e.g. by using surfactant 
free solutions, increase production volumes and gaining better control on film 
characteristics such as thickness and density. These are key features for the 
production of low power and affordable gas sensor devices demanded in the 
upcoming future. 
 
Based on literature review, although recently different research groups have 
developed rGO sensors using different functionalization process in order to improve 
the sensing performance (high sensitivity, selectivity and fast response/recovery), 
there are still many improvements and optimisations required and several questions 
have to be answered: 
 How to improve the gas sensing properties of GO by chemical doping 
functionalization? 
o Which is the optimal doping material? What concentrations of the dopant 
should be considered? Which is the optimal defect density?  
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o How to control the composition of the GO and the doping materials? How do 
the alkali-metal decoration influence on the sensor performance?  
o How is it possible increase selectivity by analysing the noise spectrum?  
 
 How to improve the sensing performance of GO by using semiconducting metal 
oxides (MoX)? 
o Which is the optimal configuration of the GO-MoX: composite or hybrid 
layer? 
o Which is the optimal MoX material? 
o Which is the optimal composition of graphene and metal oxide, and how to 
achieve it? Which is the best technique to make the composite? 
o Which is the optimal MoX film thickness in the hybrid layer? Which 
nanostructured morphology is optimal? 
o How do metal oxide nanostructures effect on improvement of rGO sensing 
performance? 
 
 How to improve the sensing performance of CNTs thin films by optimizing film 
morphology?   
o Which is the best film thickness and optimal network density? 
o Which is the best surfactant free liquid solution suitable for CNTs gas 
sensors? 
o Which is best CNTs film deposition technique to increase production 
volumes and better control on film characteristics? 
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3 Experimental 
3.1 Introduction 
Chemical sensors provide information related to the surrounding chemical 
environment. In order to measure and evaluate the gas sensing performance of 
nanostructured thin layers in the temperature range from 15°C to 400 °C in controlled 
gas environment a gas testing system has been designed and fabricated at QUT. A 
sketch of the gas sensing system setup is depicted in Figure 12 and includes:  
- A gas environmental chamber 
- A substrate and a substrate holder  
- Control, supply and measurement electronics 
- Gas mixing unit 
- Control interface 
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Figure 12: Gas system diagram 
The core of the system is a weather sealed chamber, where the device is tested under 
a controlled chemical environment. As the sensing mechanism regulating molecules 
adsorption/desorption at the sensing surface is influenced by several thermodynamic 
processes, parameters such as temperature, pressure, humidity must be monitored 
and actively controlled. A computer-controlled interface, which I designed and 
implemented automates and synchronize all the experimental procedures, thus 
ensuring repeatable and reliable measurements.  
3.2 Gas mixing unit 
The system implemented in our laboratory is based on a constant gas flow through 
the gas measurement chamber. A constant gas flow has the advantage to avoid 
distortion of the measurement due to changing time constants for gas exchange, 
minimizing adsorption/desorption at the wall of the gas chamber and making easier 
the stabilization of the sensor baseline characteristic. In order to get the desired gas 
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composition in the measurement chamber, the system mixes two or more gases with 
high accuracy and over a wide concentration range. The desired gas mixture is 
produced by mixing appropriate volumes of single gases, normally diluted in nitrogen, 
and stored in gas bottles. The mixture is then diluted in a carrier gas, typically air or 
nitrogen, to achieve the required ppm concentration level, and to ensure adequate 
laboratory safety. Gases are mixed in a pre-chamber and then injected to the gas 
chamber through 3 mm teflon tubes. This task is achieved by using mass flow 
controller (MFCs) connected to the gas bottles, which provide a regulated gas flow 
Vtotal during the duration of the experiment. Given the volumetric concentration Ctest gas 
of each gas as in the bottle, the desired concentration Ccomponent of each gas in the total 
gas flow can be calculated according to the equation: 
 𝐶𝑐𝑜m𝑝𝑜𝑛𝑒𝑛𝑡 𝑖 = 𝐶𝑡𝑒𝑠𝑡 𝑔𝑎𝑠 𝑖  ∙  
𝑉𝑡𝑒𝑠𝑡 𝑔𝑎𝑠 𝑖 
𝑉𝑡𝑜𝑡𝑎𝑙
 Eq. 4 
 
where Vtest gas i is the volume regulated by the MFCs and Vtotal the total gas flow. In 
order to control the target gas concentration, the MFCs vary the gas composition 
according to Eqn. (1). The system includes eight high-precision MFCs (MKS 1479A), 
connected to a central unit (MKS 147) linked to the computer through a serial RS 232 
cable. Eight different gases can be mixed simultaneously, achieving an accuracy of 5 
%. 
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Figure 13: Setup of the MKS 1479A mass flow controllers for high accuracy gas control 
The length of the tubes connecting the mixing chamber to the measurement chamber 
has been minimized, however few seconds propagation delay from the pre-chamber 
to the gas chamber have to be taken into account. 
3.3 Gas chamber 
The gas chamber represent the most important part of the whole test system as it 
must provide a chemically inert environment sealed from external surroundings and 
guarantee a uniform distribution of the target gas. Furthermore it has to guarantee a 
fast gas exchange for the correct evaluation of time-dependent sensor parameters, 
such as reaction and recovery time. The geometry of the measurement chamber is 
therefore of vital importance when planning the test system, as it can have significant 
impact on the accuracy and repeatability of the measurements. Moreover full gas-
sensing characterization experiments may require from few hours to several days 
depending on the sensor type. A chamber able to measure simultaneously more than 
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one sample is highly desirable in order to optimize the experiments, which typically 
consists in the measurement of similar sensor materials, obtained with little process 
variations such as doping level, film thickness, annealing time/temperature etc. To 
meet all these requirements a stainless steel chamber with 1100 cc internal volume 
has been produced (see Figure 14). The circular shape of the chamber and the 
opposite placement of inlet/outlet tube have been planned aiming to ensure an even 
distribution of the gas mixture in the gas chamber and to minimize time constants 
exchange. Four macor-made sockets are used to support the terminal pins to be 
connected to the sensors. To ensure high accuracy measurement, current signals are 
connected to the external measurement equipment by means of coaxial feedthroughs.   
 
Figure 14: (a) Stainless steel gas chamber capable of testing four sensors simultaneously 
inserted (b) in a climatic chamber 
An independent temperature control on the four sensors, ranging from 25 °C to 350 °C 
is achieved by mean of four ceramic heaters (Sakaguchi MS-3). Although a direct 
measure of the temperature in the sensor is not available during the experiment, a 
calibration procedure has been performed with a platinum Pt1000 thermistor.  
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A second, smaller Teflon-made chamber is available (100 cc), equipped with a fast six 
pins plug-in socket (see Figure 15) and a temperature sensor embedded in the sample 
substrate. 
 
Figure 15: Teflon made gas chamber  
This chamber has been produced specifically for the measurement of optical 
parameters. In fact an optical signal can enter the chamber through the front quartz 
window, propagate through the sample and be collected by the receiver at the 
opposite side.  
 
Figure 16: led lamp irradiating UV light on sensor to accelerate gas desorption 
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The window can also be exploited for the irradiation of the sample with other light 
sources, such as UV lamp, to accelerate gas desorption (see Figure 16). This chamber 
has a faster gas exchange time compared to the bigger chamber although it is 
equipped with only one testing site. A custom developed socket has been designed to 
fit 500 µm thick substrates with 2 mm pad pitch (see Figure 17). This system is based 
on a press-contact connection system that enables the fast insertion of the sample in 
the chamber without the necessity of bonding wires. The pin position has been placed 
in order to contact not only the sensor terminals but also the backside heater and a Pt 
thermistor for higher accuracy of the sample temperature.  
 
Figure 17: plugin socket with 500 µm thick alumina sensor 
The substrates made of alumina are equipped with Pt interdigitated electrode fingers 
(250 µm) and thermistor on one side, and a meander resistor heater on the other side. 
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Both chamber are placed in a bigger climatic chamber (Steridium i170) that guarantee 
correct base temperature in the 15-50 °C range with ±0.1 °C accuracy. 
3.4 Experimental procedures 
When loading a new sample, tubes and test chamber necessitate a purging period to 
ensure stable environmental conditions achieved by constant air flow. Subsequently a 
phase of stabilization is required for the sensors to establish a stable baseline 
characteristic. Experience shows that the duration of this phase can vary from 
minutes to several hours, depending on the sensor type. Temperature and air flow are 
kept to constant level.  
When all sensors reach a stable baseline characteristic in air, the actual sensor 
measurement cycle can start. It consists typically of alternating cycles of exposure to 
gas and air (see Figure 18). During the gas exposure phase a mixture is injected in the 
measurement chamber and the sensor behaviour monitored. In this phase it is 
possible to evaluate several parameters including the material sensitivity and 
response time. Subsequently a purging phase follows, in which the sensor is exposed 
again to air. In this phase it is possible to observe if and how quickly the sensor is able 
to recover to the original base line. The duration of exposure and purging phase can 
vary from few seconds to few hours, depending on sensor material, target gas and 
temperature. Carbon nanomaterials typically require long recovery phases when 
operating at ambient temperature (in the range of hours), while metal oxides 
operating above 200 °C typically react much faster (in the range of seconds). As the 
evaluation of a sensor require a sequence of alternating exposure-recovery cycles 
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with increasing gas concentrations, temperatures and different gases, the 
characterization of gas sensors can take several days. 
 
 
Figure 18: typical time dependent resistivity variation of a chemiresistor upon increasing gas 
concentration exposures of NO2  
Such a long period set high requirements on the stability of the system. This is 
achieved by using top quality instruments and automatic control. 
3.5 Control interface 
The procedures described in the previous paragraphs necessitate automatic control of 
all tasks for the correct execution of the experiment routines. This can be achieved 
only by a computer controlled program that can guarantee precise control of the 
environmental conditions and simultaneously acquire and store the large amount of 
measurement data that is required for gas-sensor characterization. Furthermore such 
level of automation guarantees repeatability of all measurement and correct 
initialization/emergency procedures.  
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I implemented a measurement control program using LABVIEW™ (National 
Instrument), as developing environment, because of its intuitive and flexible visual 
programming language. A graphical interface (Figures 19-20) implements a virtual 
instrument for data acquisition, processing, and storage capability for the gas sensor 
data was developed. It is composed by virtual controls and indicators that enable easy 
control of all the instrumentation and automated control of the different experimental 
parameters including gas composition, temperature, exposure time and sampling 
frequency.  
 
 
 
Figure 19: Labview ™ control user interface for process automation 
While controlling the gas mixtures injected in the chamber, the program acquires data 
coming from the sensors at a fixed sampling rate. The data collected during the 
experiments are stored in a .csv file that can be subsequently elaborated. The program 
also implements a chart for real time monitoring of gas performances (see Figure 20) 
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The interface allow the operator to easily apply modification to the sequence of 
operations adapting them on the go to the gas sensing results. 
 
 
Figure 20: real time gas response evaluation implemented in the user interface 
The program has been developed according to a state machine model, because of its 
stability and expandability features. In few words, each iteration of the program is 
associated with a status (wait, measure, initialization etc.) and an event (trigger 
command, gas underflow, operator input etc.). When an event happens, the machine 
will update the next iteration status depending on the event recorded and on the 
current status. This approach used in most machines for automation control makes 
the code very stable and extendable to new control routines. The routines coded in 
the control panel are linked to the front panel where the graphical user interface is 
designed for an intuitive and easy intervention of the operator.  
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3.6 Electrical equipment 
The characterization of nanostructured chemiresistors requires high precision 
resistivity measurement. This is achieved using a picoammeter Keithley 6487, to 
generate a constant internal voltage source (Figure 21) and a high-precision 
picoammeter to measure current variations with fA current resolution. The current 
signals from the four samples under test in the gas chamber are connected to the 
picoammeter through a multiplexer (Keithley 7000) to enable the measurement of 
multiple signals simultaneously. When the control program send a measurement 
request, the picoammeter triggers a current measurement for each of the sensors 
under test in a time sequence, and transmits the results through a IEEE or RS232 
serial cable. A direct trigger link between the multiplexer and the picoammeter ensure 
the correct synchronization between the instruments. Optical measurements are 
performed with a deuterium halogen source (OceanOptics DH2000) and a 
spectrometer for UV-NIR measurements (OceanOptics USB4000-XR1-ES), although a 
full integration with the automated control interface is still to be implemented.  
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Figure 21: circuit diagram depicting instrument connections for resistive measurement with 
temperature control 
The control of the sensors temperature is achieved by forcing a constant current 
through ceramics heaters onto which the sensors are placed. An Agilent E3649A 
power supply with 1.4 A dual channel current range ensures the capability to heat the 
sensors at maximum temperature of 400 °C independently with 1°C accuracy. The 
current can be setup directly from the computer interface through a IEEE interface 
enabling full automation of temperature control. The gas chamber is placed inside a 
climatic chamber (Steridium i170) to provide a stable baseline temperature in the 15-
50 °C range with ±0.1 °C accuracy. 
 
3.7 Heater calibration 
Temperature at the sensor surface greatly affects the adsorption mechanism between 
the target molecules and the sensing film. Important information such as activation 
energy etc. can be derived studying the effects of temperature on the sensing 
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performances. Thus accurate control of the substrate temperature is the key to the 
reliability and precision of the test system. This is achieved by placing the sensor on a 
ceramic heater whose temperature can be controlled by adjusting the power 
𝑃 dissipated in the heater. The power raises the temperature by Joule effect and can 
be varied regulating the current flowing though the heater. In case the sensing film is 
deposited on substrate with embedded heater and Pt-thermistor, it is possible to 
measure the actual sensor temperature during the experiment by measuring the Pt 
resistivity and calculate the temperature according to the following equation: 
 𝑇 =   𝑇0 + 𝛼 (𝑅𝑇 − 𝑅𝑇0  )  Eq. 5 
where 𝑅𝑇0is the resistivity of the thermistor at the reference temperature 𝑇0 and 𝛼 the 
platinum temperature coefficient. To calculate 𝑅𝑇0the substrate was placed in a tube 
furnace and the Pt- thermistor resistivity was measured at 150 °C. A thermocouple 
placed in the proximity of the substrate ensured the correct temperature reading.  
In case the substrate is not provided with embedded heater/thermocouple, we placed 
the sensor on a ceramic heater (Sakaguchi MS-3). To obtain the relationship between 
the power and the temperature a calibration procedure was necessary. A current 
increasing from 0 to 1.5 A was forced in the heater with 250 mA increments while the 
temperature was measured placing a thermocouple on the heater. In such a way it 
was possible to establish the correct correspondence between current forced in the 
heater and substrate temperature.  
3.8 Electrode Preparation 
The electrical signal generated by chemical gas sensors has to be transferred to the 
external electronic instruments in order to be measured. The sensing material needs 
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therefore to be electrically contacted to two electrodes that will subsequently be 
bonded to two conducting wires. When producing chemiresistors, the planar 
architecture is usually chosen because of its simplicity. The two electrodes are 
deposited on an insulating surface while the sensing film acts as a resistive path 
between them. By applying a bias voltage and measuring the current it is possible to 
measure its resistivity. The nature and the geometry of the electrodes have an impact 
on gas sensor performances, but are generally little discussed in the literature. The 
electrode parameters including material, layout, thickness etc. are to be chosen aiming 
to maximize the gas response. Although a study of the effect of electrodes parameters 
is beyond the purpose of this thesis, a basic understanding of possible effect on 
sensing performances of the electrode/thin film interface is essential. For 
chemiresistors, the larger the area between electrodes the more adsorption sites is 
available for chemisorption. Although sensor with large electrodes distance do have 
more adsorption sites and increased sensitive area, free charge losses are more likely 
to happen due to the longer electrode distance. Therefore a layout with interdigitated 
electrodes with small fingers gap typically enhances the sensor response. For metal 
oxide-graphene sensors finger pitch is usually in the 100-300 µm range. 
The electrode thickness is also an important parameter to be considered. In fact at the 
contact region between metal oxide and electrode a Schottky barrier is typically 
established, making this region important for the sensing characteristics. By varying 
the thickness of the electrode contact, it is possible to modulate the Schottky barrier 
at the contact/semiconductor boundary region. Therefore sensors with different 
electrode thickness or finger width will exhibit different barrier modulation thus 
changing overall sensor behaviour. 
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The material of the electrodes has also been reported to influence the sensing 
behaviour. Pt or Au are usually preferred to other materials due to their higher 
conductivity. Capone et. al. [184] reported that Pt electrodes are more stable at high 
temperatures compared to Au electrodes. Increasing the temperature tends to diffuse 
Au atoms into the sensing layer where they act as catalyst for CO adsorption, lowering 
the operating temperature. However Au exhibits better conductivity. 
 
Figure 22: interdigitated electrodes layout with 200 µm finger distance  
The electrode built in our laboratory is characterized by four interdigitated finger 
with 250 µm separation and two large pad for easy bondability (Figure 22). The 
layout was designed using Eagle Cadsoft© design software.  
In order to selectively deposit the Au and Ti according to the desired pattern, a 
shadow mask was placed between the target material and the substrate (Figure 23 
(a)). 
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Figure 23: (a) Cu-Be shadow mask placed on top of Alumina substrates and (b) result of 
electrode deposition   
The mask material is Cu-Be with 250 µm thickness to guarantee low material 
contamination during material depostion and rigidity to the structure. In order to 
increase number of electrodes deposited during a single deposition process a mask 
with a matrix of identical electrodes patterns has been produced by an external 
company (Mastercut) with chemical etching process. 
Electrode deposition was performed by the PVD 75 Lesker evaporator. Firstly a layer 
10 nm Ti layer was deposited to increase adhesion strenght, while subsequently 130 
nm Au were deposited. In case the Ti deposition was omitted, the electrode would 
peel off during bonding operation.  
The connection of the electrode to the pin of the testing site is achieved by bonding 50 
µm Au ribbon using a Miyachi UnitekTM  Ub29 bonding machine by electrostatic 
current discharge through a needle. 
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4 Results 
In this chapter we report on the fabrication, characterization and gas sensitivity 
measurement of carbon nanomaterials operating at room temperature.  
Different sensing nanostructures have been obtained by using: 
1) Caesium-doped reduced graphene oxide (Cs-GO) 
2) Double Wall Carbon Nanotubes (DWCNT)  
3) Reduced Graphene Oxide - Fe-WO3 nanocomposite (Fe-WO3-rGO) 
 
This chapter has been divided into three sections describing the results obtained by 
using each nanostructure deposited on a suitable substrate. Each section is published 
or about to be published in a similar form on an international journal: 
 Section 4.1 shows scalable fabrication of ultrathin CNT conductometric sensors 
operating at room temperature by low cost dip coating process. The devices 
show good sensing performances to concentrations as low as 1 ppm for NO2 
and 7 ppm for NH3 at room temperature. 
 Section  4.2 reports about the sensing performances of caesium-doped reduced 
graphene oxide conductometric sensors produced by drop casting. Material 
characterization performed by XPS, Raman and KPFM confirm the successful 
incorporation of Cs into the GO resulting in the reduction of oxygen groups. 
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The developed sensor exhibits a very low detection limit for NO2 (down to 
~90ppb) at room temperature. 
 Section 4.3 reports on hybrid Fe-WO3-rGO nanocomposite films fabricated by 
combining vacuum filtration process with DC reactive sputtering. The addition 
of rGO reduced significantly the resistivity of Fe-WO3-rGO nanocomposite 
enhancing room temperature sensitivity to NO2 down to  1ppm.  
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4.1 Carbon nanotubes ultrathin films  
In this section we report on the results achieved by carbon nanotubes ultrathin films 
with excellent sensing capability to NO2 and NH3 at room temperature. The sensing 
films are produced by dip coating using CNTs dissolved in a surfactant free solution, 
thus promising high quality CNTs for better sensitivity and low production costs. The 
effect of CNT film thickness and defect density on the gas sensing properties has been 
investigated. Detection limits of 1 ppm for NO2 and 7 ppm for NH3 have been achieved 
at room temperature. The experimental results reveal that defect density and film 
thickness can be controlled to optimize the sensing response.  
The content of this section has published on Sensors and Actuators B: Chemical, 2016. 
227: p. 128-134, with title “Room temperature gas sensing properties of ultrathin 
carbon nanotube films by surfactant-free dip coating” by Piloto, C., F. Mirri, E.A. Bengio, 
M. Notarianni, B. Gupta, M. Shafiei, M. Pasquali, and N. Motta [185] 
 
Experimental 
CNT conductometric sensors were fabricated by depositing a CNT thin film on top of 
Pt- interdigitated electrode (IDTs) transducers with 250 μm pitch. The CNT films were 
produced as described in previous work [74]. In brief, a solution made of CNTs 
(double wall nanotubes, purchased from Unidym) dissolved in CSA (Sigma Aldrich) 
was dip coated on a glass slide at a controlled speed and known solution 
concentration. Specifically, CNT films with thicknesses of 3, 5 and 10 nm were 
obtained by dip coating at a speed of 0.5, 5 and 10 mm/min, respectively with a 750 
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ppm by weight solution. Then, the CSA was removed from the films by coagulation in 
diethyl ether for 10 minutes, followed by a chloroform wash for 5 minutes. The CNT 
films were subsequently detached from the glass support by dipping them in water 
and allowing the films to float on the water surface. The transducers were used to 
collect the films from the water bath and then air dried overnight. The size of the film 
was 14 x 8 mm2 in order to cover the Pt-interdigitated electrodes.  The same process 
was repeated for a second set of films made with a CNT-CSA solution that was bath 
sonicated for 23 hours in order to study the effect of sonication on the CNT films 
properties and thus on their gas sensing performance. Since sonication is responsible 
for CNT shortening and therefore it decreases the solution viscosity, the films from the 
sonicated solution were dip coated at higher speeds of 2.3, 39 and 65 mm/min to 
obtain the same film thicknesses of 3, 5 and 10 nm at a solution concentration of 750 
ppm in weight, respectively.   
Material characterization was carried out using X-ray Photoelectron Spectroscopy 
(XPS), Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM) 
and Raman. 
The chemical composition of the samples was characterized by XPS using a non-
monochromatic Mg K alpha (1253.6 eV) X-ray source (DAR 400, Omicron 
Nanotechnology), 300 W incident angle at 65 degree to the sample surface, with a 125 
mm hemispherical electron energy analyser (Sphera II, 7 channels detector, Omicron 
Nanotechnology).  Photoelectron data were collected at a take-off angle of 90 degree. 
The scans were carried out with 0.2 eV steps and 0.2 s dwell time. The pressure in the 
analysis chamber during XPS scans was kept below 5.0×10-9 mbar. TEM 
measurements of the average CNT diameter and number of walls were carried out 
using a JEOL 2100 FEG TEM at an accelerating voltage of 200 kV. Raman spectroscopy 
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was carried out on the CNT films deposited on glass slides at 514 nm laser wavelength 
with a Renishaw inVia microscope. The objective was 50X and the acquisition time 
was 10 s. SEM imaging was performed on the CNT films deposited on TEM grids to 
increase resolution [74] using a FEI Quanta 400 ESEM FEG microscope.   
Response of the CNT film sensors to NO2 and NH3 gases was evaluated using a high 
precision gas testing system that includes a Teflon gas chamber (60 cc), 8 high 
precision mass flow controllers (MFC, MKS 1479A) to regulate the gas mixture, 8-
channel MFC processing unit (MKS 647C), a picoammeter (Keithley 6487) and a 
climatic chamber (Steridium i170) to control the temperature. The measurements 
were performed at room temperature with a mixture of synthetic air and the target 
gases with different concentrations (max.12.2 ppm for NO2 and 99 ppm for NH3 
balanced in synthetic air). The desired concentration of NO2 and NH3 gases was 
obtained by adjusting the respective flow rates via the MFCs, while maintaining a total 
constant flow rate of 200 SCCM. The response upon gas exposure was evaluated by 
measuring the sensor resistance variation with an applied bias voltage of 10 mV. 
Continuous in-situ UV irradiation was used to accelerate the gas desorption. A quartz 
window in the chamber lid enabled the UV irradiation of the sample during the 
experiment. A UV lamp emitting at 395 nm was used with a maximum irradiating 
power of 50 W.  
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Results and discussion 
Material characterization 
In order to investigate the morphology of CNT thin film, SEM analysis was conducted 
on both sonicated and non-sonicated films. Figure 24 shows SEM images of the CNT 
films produced by sonicated and non-sonicated solution. The films do not show strong 
alignment in the coating direction despite the shear applied in the withdrawal 
direction due to the low solution concentration (750 ppm) used to produce the films. 
CNTs form liquid crystalline domains in CSA at high concentrations [186] that 
translates in aligned structures in films produced by highly concentrated CNT-CSA 
solutions [74]. At this concentration the amount of liquid crystalline phase is still 
small compared to the isotropic phase resulting in isotropic films.  
 
Figure 24: SEM images of the CNT films produced by dip coating a solution of CNT in CSA that 
was not sonicated (left) and sonicated (right).   
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To understand whether sonication caused any changes in the CNTs network, 
measurements of the average CNT diameter and number of walls were carried out 
using TEM. As can be seen in , CNTs aggregated to form nano-fibrils/bundles in the 
dry state. Only the individualized four-walled CNT can be included in the dataset, 
when in reality Figure 25 the image shows several other CNTs whose number of walls 
and diameter cannot be measured because they are not clearly distinguishable from 
one another. Furthermore, CNTs were mostly covered in amorphous carbon and 
H2SO4 residuals, complicating accurate wall-counting and diameter measurement. The 
measurements were made only on CNTs that were fully individualized, with a clearly 
defined number of walls on either side. 
  
Figure 25: TEM image of a four-walled CNT in a sonicated thin film.  
TEM measurements of the average CNT diameter and number of walls were carried 
out using a JEOL 2100 FEG TEM at an accelerating voltage of 200 kV. An important 
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limitation of this method is that the samples are in the dry state, therefore the large 
majority of CNTs in the film form bundles, which precludes the possibility of making 
diameter or wall number measurements on most of the sample. There is no way to 
know whether this may not a priori induce a statistical bias in the measured average 
number of walls and diameter. Measurements were made only on CNTs that were 
fully individualized, with a clearly defined number of walls on either side.  
 
Figure 26: Histograms showing the diameter distribution for the (a) non-sonicated and (b) 
sonicated samples as well as the wall number distribution for the (c) non-sonicated and (d) 
sonicated samples. 
The measurements are summarized in the histograms of Figure 26. It is clear that the 
data seems to fit a lognormal distribution. The standard errors of the measurements 
were evaluated using the bootstrap method [187] , which has already been shown to 
give accurate estimates of standard errors for CNT average length taken from multiple 
cryo-TEM images [188]. Each dataset is comprised of the wall number and diameter 
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measurements for each CNT. A total of Nn = 117 CNTs and Ns = 107 CNTs are included 
in the datasets for the non-sonicated and sonicated samples, respectively.  
In the bootstrap method, a “bootstrapped set” is formed by selecting b data points 
from the dataset with replacement. One can then calculate the statistical estimator (or 
estimators) of interest for this bootstrapped set. For our purposes, a single-estimator 
bootstrap is first carried out by calculating the mean diameter d and mean number 
of walls w of each bootstrapped set. The sampling with replacement is repeated so 
that N = 10,000 bootstrapped sets each of size b are generated, and the standard 
deviation of all N estimates of d and w is expected to approach the true standard 
error of the measurement for a large enough value of b, which is varied from 1 to Nn 
and Ns for the non-sonicated and sonicated datasets, respectively. Figure 27 shows a 
plot of d as a function of b with an inset log-log plot of the standard deviation as a 
function of b. Figure 28 shows the same plots for w.  
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Figure 27: Mean CNT diameter as a function of b, the size of the bootstrapped set. Inset plot 
shows the standard deviation of the bootstrapped estimate as a function of b on a log-log scale.  
 
Figure 28: Mean number of CNT walls as a function of b, the size of the bootstrapped set. Inset 
plot shows the standard deviation of the bootstrapped estimate as a function of b on a log-log 
scale.  
A double-estimator bootstrap is carried out by fitting a lognormal distribution to each 
bootstrapped set and obtaining estimates for the average mean diameter md, 
variance in the diameter vd, mean number of walls mw and variance in the number 
of walls vw along with their respective standard errors. The results are shown in 
Figure 29 and Figure 30 for the diameter and number of wall estimators, respectively.  
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 Figure 29: Mean and variance of CNT diameters when fitted with a lognormal distribution. The 
fitting is carried out only for bootstrapped sets of size b > 5. Inset plot shows standard deviation 
of each bootstrapped estimate as a function of b on a log-log scale. 
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Figure 30: Mean and variance of CNT number of walls when fitted with a lognormal distribution. 
The fitting is carried out only for bootstrapped sets of size b > 5. Inset plot shows standard 
deviation of each bootstrapped estimate as a function of b on a log-log scale. 
The bootstrap method gives insight into the asymptotic nature of the standard error. 
It allows one to verify that the final estimate and its associated standard error are not 
expected to change significantly upon the addition of new images to the dataset. 
Additionally, all the inset plots show that the standard deviations of the bootstrapped 
sets do indeed behave as classical standard errors by following almost exactly a power 
law of -1/2 when plotted against the size of the bootstrapped set.  A single-estimator 
bootstrap was first carried out by calculating the mean diameter d and mean 
number of walls w of each bootstrapped set. 
A double-estimator bootstrap was also carried out by fitting a lognormal distribution 
to each bootstrapped set and obtaining estimates for the average mean diameter md, 
77 Chapter 4 
variance in the diameter vd, mean number of walls mw and variance in the number 
of walls vw along with their respective standard errors. 
Table 2: Summary of estimated parameters and standard errors from TEM measurements  
Parameter Non-sonicated 
CNTs 
Sonicated CNTs 
mean diameter d 2.56  0.12 nm 2.43  0.09 nm 
mean number of walls w 2.45  0.10  2.25  0.09  
average mean diameter md 2.55  0.12 nm 2.44  0.09 nm 
variance in the diameter vd 1.26  0.32 nm 0.86  0.16 nm 
mean number of walls mw 2.46  0.10  2.27  0.10  
variance in the number of walls vw 1.25  0.21  1.10  0.15 
It is apparent that the only statistically significant difference between the sonicated 
and non-sonicated films is between the mean numbers of walls w, as summarized in  
Table 2.  
Theory suggests [189] that sonication might break the CNTs, in which case the outer 
walls would break first. The difference in mean number of walls w is just barely large 
enough to be statistically significant; this would suggest a breaking of the CNT outer 
walls and the reduction of the CNTs mean diameter. This lends credence to the theory 
that the CNT outer wall breaks first upon sonication, which in turn may increase the 
surface area.  
XPS analysis was conducted for a better understanding on the evolution of the 
functional groups and the possible presence of structural defects upon sonication. XPS 
survey analysis shows the core level peak positions carbon (C 1s) and Oxygen (O 1s) 
Results  78 
are 284.5 and 532.1 eV respectively. High-resolution C1s spectra of the non-sonicated 
and sonicated 3 nm and 10 nm thick films are shown in Figure 31. The peak can be 
fitted by using four components, each representing a separate carbon bond: C-C sp2 at 
284.5 eV, C-C sp3 at 285.2 eV, C-OH at 286.1 eV and –COO at 289.1 eV [190-196]. The 
C-C sp2 bond can be easily attributed to the graphitic structure of CNTs, while the C-C 
sp3 bond can be assigned to links between CNTs in the bundles. The other two peaks 
are due to chemical bonds of carbon with hydroxyl and –COO species. It is evident in 
both samples that the fraction of C-C sp3 bond decreases upon sonication, while that of 
the C-C sp2 bond increases accordingly (Figure 31).  
 
 
Figure 31: High resolution XPS spectra of C1s peak for the non-sonicated  and sonicated samples 
 This finding proves that sonication breaks the CNT outer walls as suggested by TEM 
and removes some spurious sp3 carbon, thereby increasing the film cleanliness and 
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the CNT film surface area. However, sonication did not significantly change the CNT 
structure as proved by Raman spectroscopy. Figure 32  shows the Raman spectra of 
the sonicated and non-sonicated samples at 514 nm laser wavelength. The two 
spectra overlap suggesting that sonication did not damage the CNT structure. 
 
Figure 32: Raman spectra of sonicated and non-sonicated samples at 514 nm laser wavelength.  
Table 3: Summary of the XPS C1s analysis results that compares peak position and 
concentration before and after sonication.  
bond  NS1 S1 NS3 S3 
C=C sp2 
peak 284.5 284.5 284.3 284.1 
% conc 22.0 32.6 15.1 53.1 
C-C sp3 
peak 285.2 285.2 285.0 285.1 
% conc 57.5 27.7 47.6 17.5 
C-OH 
peak 286.7 286.2 286.1 285.9 
% conc 13.3 32.6 28.4 14.2 
.-COO 
peak 289.4 289.2 289.1 287.2 
% conc 7.2 7.1 9.0 15.2 
 
Gas sensing performance 
The electrical and sensing performances of the CNT films were investigated towards 
NO2 and NH3 gases balanced in synthetic air at room temperature. The response (R) 
was calculated according to the equation:  
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 𝑅(%) = 100 ×  
(𝑅𝑎𝑖𝑟 − 𝑅𝑔𝑎𝑠)
𝑅𝑎𝑖𝑟
=  100 ×
𝛥𝑅
 𝑅𝑎𝑖𝑟
 Eq. 6 
where Rair is the film resistance under synthetic air and Rgas is the film resistance upon 
exposure to the target gas.  
Non sonicated samples 
The CNT films exhibited a decrease in their resistivity upon exposure to NO2. This was 
expected, as CNTs are p-type semiconductor in air and NO2 is a hole donor gas. In 
addition, the CNT films produced in this work were expected to behave as p-type 
semiconductors due to the presence of acid residues from the fabrication process. As 
shown in Figure 33 (black curve), the non-sonicated 10 nm sensors exhibited 1% 
response to low concentration of NO2 (3 ppm) at room temperature, but it did not 
return to the original baseline. The irreversible gas desorption can be attributed to the 
strong binding energies between the CNT films and gas molecules. Theoretical studies 
[20, 197] showed that the slow desorption rate of NO2 is due to the reaction of two 
NO2 molecules into NO3 triggered by CNTs. Chen et al. [198] previously reported that 
UV irradiation can accelerate molecular desorption from CNTs, where the desorption 
mechanism induced by UV light is attributed to plasmon excitation of CNTs. In this 
work, the sensors were irradiated by continuous UV light source emitting at 395 nm 
to overcome the long recovery. Figure 3 shows that the UV irradiation improved the 
recovery significantly and also enhanced the response. A possible explanation of the 
latter phenomenon is that UV light cleans the CNT surface making the CNT film more 
accessible for gas adsorption, as observed by Chen et al [198]. However a full 
understanding of this phenomenon is beyond the scope of this work. As the 
irradiation power increased, the response improved and the recovery time. As shown 
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in Figure 34, the amount of response recovered after 30 minutes of air exposure 
increases linearly with increasing irradiating power.  
 
Figure 33: Dynamic response of 10 nm thick CNTs sensor to 3 ppm NO2 for different continuous 
UV irradiating power.  
 
Figure 34: Amount of response recovered by 10 nm thick CNTs sensor after 30 minutes of air 
exposure as a function of UV irradiating power. 
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For the following experiments, all the gas sensors were tested with continuous UV 
irradiating power of 1400 mA, for a total power of 5 W.  
Given that the gas sensing performance of CNT films can be enhanced by decreasing 
film thickness (i.e. CNT density) [60], we investigated three different film thicknesses, 
i.e. 3, 5 and 10 nm. Normalized dynamic response of these sensors towards 0.5, 1, 3 
and 6 ppm NO2 is shown in Figure 35. All three sensors showed a fast reaction upon 
exposure to NO2 for 5 minutes and recovered their original value after approximately 
50-60 minutes (Figure 35). 
Appreciable variations were measured down to 1 ppm and even 0.5 ppm. The 5 nm 
thick sensor exhibited the fastest recovery and largest response as compared to the 
other sensors (Table 4 and Table 5).  
The inset in Figure 35 highlights the linear response as a function of NO2 
concentrations.  
 
Figure 35: Dynamic response of the non-sonicated sensors with different film thicknesses to NO2 
gas under continues UV irradiation at 1400 mA. The inset shows the response as a function of 
NO2 gas concentration. 
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Table 4: Response and recovery time of non-sonicated samples upon exposure to 1ppm NO2. 
 Film thickness 
(min) 3nm 5nm 10nm 
t response 4.7 4.8 4.9 
t recovery  63.1 53.9 64.9 
 
Table 5: Response of different film thicknesses towards NO2 at various concentrations. 
Response % 
NO2 
Film thickness 
3nm 5nm 10nm 
0.5 ppm 0.04 0.33 0.06 
1 ppm 0.56 1.23 0.86 
3 ppm 3.28 5.7 2.29 
6 ppm 4.28 7.6 3.11 
 
Reducing film thickness from 10 nm to 5 nm in the gas sensor sensibly improves the 
device performance (Table 5). This is expected since by reducing film thickness the 
number of CNT pathways in the network is reduced, which in turns increases the 
impact of the pathways affected by gas adsorption to the overall path resistance of the 
CNT network. However, reducing the thickness even further to 3 nm causes a worse 
device performance. This phenomenon can be explained by the reduction of the 
number of CNTs in the sensor network, which results in the reduction of the number 
of available sites for gas adsorption. These results suggest that not only the CNT-CNT 
junctions [199] but the whole CNTs walls constitute area for gas adsorption.  Hence, a 
tradeoff between reducing the film thickness and maintaining available sites for gas 
adsorption needs to be found in order to optimize the performances.  
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Sonicated samples 
To further investigate the effect of CNT film morphology on gas sensing performance, 
we tested the sonicated sensors towards NO2 and NH3 at room temperature (Figure 
36). After testing the sensors in different concentrations of NH3, a low detection limit 
of 7 ppm was observed. As expected NH3 acts as an electron donor thus leading to an 
increase in p-type CNT film resistivity (Figure 36 c and d). The opposite behaviour of 
the sensor to NH3 and NO2 confirms the ability of the CNTs films to selectively detect 
NO2 rather than NH3. An enhancement in the response of all three sensors to both NO2 
and NH3 gases after sonication can be confirmed from Figure 37. It is evident that the 
response of the sensor after sonication is greatly enhanced for all three thicknesses. In 
particular, the 5 nm sensor was found to have almost double response (from 6 % to 
11 %) after sonication.  
 
Figure 36: Comparison between the dynamic response of non-sonicated and sonicated samples 
towards 3 ppm NO2 (a-b) and 7 ppm NH3 (c-d). 
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These improvements were expected as the TEM and XPS characterizations revealed 
that sonication increases the surface area available for gas adsorption by exposing 
both the inner wall and the broken outer wall. This conclusion is based on the 
qualitative assumption that the CNT outer wall, though broken, can still serve as a 
surface for the gas adsorption. Through sonication, we were able to increase the 
available adsorption sites whilst keeping the film thickness unaltered [200, 201]. The 
recovery rate of sonicated samples was found to be faster than that of non-sonicated 
samples (5×10-3 vs 2.3×10-3), but it is to be considered that the UV irradiation is 
hitting a larger exposed area. 
The CNT sensors in this work demonstrated sensitivity to NO2 and NH3, at 
concentrations as low as 1 ppm and 7 ppm, exhibiting (in the case of the 5 nm sensor) 
a resistivity variation of 1.2 % and 1 % respectively. Previous reports on sensors 
based on MWCNTs showed a detection limit of 0.1 ppm NO2 [61] and 10 ppm NH3 
[202], respectively. While our NO2 detection limit is lower compared to Valentini et al, 
it is to be considered that our fabrication method is far more simple and scalable. 
 
Figure 37: Comparison between the response of non-sonicated and sonicated CNT sensors 
towards NO2 and NH3 as a function of film thickness.  
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Conclusions 
In this work we show scalable fabrication of ultrathin CNT conductometric sensors 
operating at room temperature by surfactant-free process. Dip coating is a technique 
of choice for the fabrication of low cost and low power CNT sensor devices since it 
does not require dispersant removal that deteriorates CNT quality and increases 
production costs. We demonstrated that with this simple and scalable fabrication 
technique it is possible to produce CNTs films with very high reproducibility and 
sensitivity. As the films are robust and thin, they can be integrated into flexible and 
transparent electronic applications. We found good sensing performances to 
concentrations as low as 1 ppm for NO2 and 7 ppm for NH3. The high sensitivity is 
attributed to the high density of CNTs deposited in an ultrathin film (~ 5 nm) by dip 
coating. Further improvements in the sensing performance were achieved by 
sonication of the CNTs film. XPS analysis highlighted the increase in surface area for 
gas interaction upon sonication. This new method suggests that CNT films can be used 
as sensing layer for the development of inexpensive, high performance room 
temperature gas sensors. Continuous in-situ UV irradiation was found not only to 
accelerate gas desorption but also to increase the gas response.   
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4.2 Gas sensing performances of Caesium doped 
graphene oxide  
In this section we presents the results of the gas sensing performances achieved by 
caesium-doped graphene oxide (GO) toward NO2 at room temperature. The GO was 
doped with Cs by thermal solid-state reaction, dispersed in water and drop-casted on 
standard Pt-electrodes. The response of both pristine and Cs doped GO to NO2 at room 
temperature was studied by varying the gas concentration. The content of this section 
has been published in the paper “Highly NO2 sensitive caesium doped graphene oxide 
conductometric sensor” by C. Piloto et. al.  [138]. 
  
Experimental 
Device fabrication  
GO materials were prepared by oxidation of graphite flakes following the method 
reported by Marcano et. al. [203]. Commercially available graphite flake was 
purchased from Sigma Aldrich. All other chemical used, (99.99% H2SO4, 85% H3PO4, 
35% HCl, 30% H2O2, KMnO4) in this study were analytical grade and supplied by 
Sigma Aldrich.  Analytical grade Ethanol, Acetone and Diethyl ether were used as 
solvents.  
The graphite mixed with KMnO4 (ratio of 1:6) was combined with a mixture of 
H2SO4:H3PO4 (540:60 mL) acids. The reaction was stirred at 50°C for 12h. 
Subsequently, the resulting mixture, cooled at room temperature, was poured onto ice 
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with 3ml of 30% H2O2 and sifted through a 250µm sieve. The filtrate was centrifuged 
at 4000rpm for 30min. The obtained material was washed with DI water, HCl and 
ethanol. After each wash, the mixture was sieved and centrifuged for 30min at 
4000rpm. The final precipitate was coagulated with diehylether. Coagulated solid was 
dissolved in DI water and sonicated for 1 h. The resulting GO aqueous dispersion was 
cooled down for 24h followed in a de-freezer and subsequently for 72h in a freezer 
dryer at -51°C under vacuum. 
In order to synthesize GO doped with caesium (GO-Cs), the GO was diluted in water and 
mixed with Cs2CO3, following the method suggested by Liu et. al. [204]. The obtained 
solution was stirred at room temperature for 30 min and sieved with a polyvinylidene 
fluoride membrane (0.2μm). The precipitate was then added to water (30mL) and filtered. 
The process was repeated twice to obtain dark solid GO-Cs. 
Finally, the gas sensors were fabricated by drop casting of the prepared GO and GO-Cs 
materials onto 2×2 mm
2
 transducers and then they were placed in oven at 60°C for 12h. 
The transducers consisted of Pt interdigitated electrodes (IDT) (200µm separation) 
deposited on 0.25mm thick alumina substrates.   
Material characterisations 
The structure and the composition of the synthesized GO and GO-Cs was analysed by 
field emission scanning electron microscopy (FESEM), X-ray photoelectron 
spectroscopy (XPS), atomic force microscopy (AFM), Raman spectroscopy and Kelvin 
probe force microscopy (KPFM). 
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XPS data were acquired using a Kratos Axis ULTRA X-ray Photoelectron Spectrometer 
incorporating a 165mm hemispherical electron energy analyser. The incident 
radiation was Monochromatic Al Kα X-rays (1486.6eV) at 225W (15kV, 15ma). Survey 
(wide) scans were taken at analyser pass energy of 160eV and multiplex (narrow) 
high resolution scans at 20eV. Survey scans were carried out over 1200-0 eV binding 
energy range with 1.0eV steps and a dwell time of 100ms. 
Narrow high-resolution scans were run with 0.05ev steps and 250ms dwell time. Base 
pressure in the analysis chamber was kept at 1.0×10-9 torr and during sample analysis 
1.0×10-8 torr. Peak fitting of the high-resolution data was also carried out using the 
CasaXPS software. 
Raman spectroscopy was performed by using an ‘‘inVia Renishaw Raman microscope’’ 
with  = 532 nm operated at 35 mW, with a 1m spot size, to investigate bond 
changes and defects in the material.  
The KPFM was performed with a commercial AFM (Cypher-Asylum Research) 
equipped with an air temperature controller (ATC). The ATC flows temperature 
regulated, HEPA (High-Efficiency Particulate Absorption) filtered air through the 
Cypher enclosure. Closed-loop temperature control isolates the AFM from room 
temperature variations, minimizing thermal drift for imaging. During measurements 
the temperature was kept constant at 26˚C.  
For all KPFM data shown here, we used conductive (Pt coated) AFM probes (NSG03 
model from NT-MDT) with a nominal resonant frequency between 50 and 150 kHz. 
The GO and GO-Cs samples were deposited on gold-coated mica substrates from a 
liquid suspension (5μg/mL). The Kelvin voltage was maintained with an integral gain 
of 4, no proportional gain, and an AC-voltage applied to the tip of 3V.  
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Gas sensing measurements 
The GO and GO-Cs sensors response to NO2 was evaluated using a high precision 
multi-channel gas testing system, including a 1100cc volume test chamber capable of 
testing four sensors in parallel, 8 high precision mass flow controllers (MKS 1479A) to 
regulate the gas mixture, 8-channel MFC processing unit (MKS 647C), a picoammeter 
(Keithley 6487) and a climatic chamber to control the temperature. The 
measurements were performed at room temperature with a mixture of synthetic air 
and NO2 gas in different concentrations (up to a maximum of 12.2ppm of NO2 
balanced in synthetic air). The right concentration of NO2 gas in air was obtained by 
adjusting the respective flow rates via the MFCs, while maintaining a total constant 
flow rate of 200 SCCM. The response upon gas exposure was evaluated by measuring 
the sensors resistance variation with bias voltage of 3V. 
Results and discussion 
Material characterisations 
The morphology of the synthesized graphite oxide powder was investigated by FESEM 
(Figure 38). It is evident that the thin and aggregated flakes are stacked to each other 
with lateral sizes ranging from several hundred nanometers to several microns.  
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Figure 38: (a) Low magnification and (b) high magnification SEM images of graphite oxide 
flakes[138] 
AFM images (Figure 39 (a) and (c)) confirm that most of GO and GO-Cs flakes are ~ 1 
nm thick, corresponding to one monolayer, with a lateral size in the range of hundred 
nanometers [205, 206]. The thickness of each GO layer is usually higher than the 
pristine graphene sheet because of the orthogonally bonded oxygen groups coming 
out from the surface [119, 206 , 207].  
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Electrical characterizations were carried out with KPFM providing a potential map of 
the samples with a resolution of few mV. Figure 39 (b) and (d) show a comparison of 
pristine GO and GO-Cs KPFM signals.  
 
 
Figure 39: AFM and KPFM images of (a) and (b) a GO flake (2x2 m); (c) and (d) a GO-Cs flake 
(1.4x1.4 m) [138]. 
The measurements collected from several samples and on different flakes show a net 
difference in the potential map of GO (see Figure 39(b)) and GO-Cs flakes (see Figure 
39(d)), with a drop of the average potential on a flake from 30 mV±3 mV in the GO to 
19 mV±3 mV in the GO-Cs. We attribute this drop to the chemical reduction of the GO 
caused by the Cs2CO3 that tends to decrease the work function as observed by [208-
211]. This result suggests that doped GO may have good performance as a gas sensing 
material. 
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XPS survey analysis of the GO (Figure 40 (a) blue line) confirms that the GO does not 
contain any contaminants and is largely oxidised with an oxygen content of ~32%. A 
reduction of the oxygen content down to ~ 24% is observed in the GO-Cs (Figure 40 
(a) red line) survey spectrum, which confirm the presence of ~5% Cs. In the high 
resolution XPS spectra of the C peaks (Figure 40 (b) and (c)), we identify the C-C 
contribution as the peak at 285.3 eV binding energy, while the C-O, C=O and COOH 
groups are assigned to binding energies of 287.5, 288.4 and 289.1 eV, respectively 
[212, 213]. Figure 40 (b) and (c) show that the intensity of the C-O band in the GO-Cs 
decreases compared to the C-O band of the GO, confirming a reduction mechanism 
occurring in the GO due to the Cs2O3. Also the COOH peak decreases appreciably in the 
GO-Cs because of the substitution occurring between –COOH (that are usually at the 
periphery in the GO flakes), with –COOCs groups [204]. During the reaction, Cs+ is in 
fact expected to replace the H+ ions in COOH groups due to its higher reactivity. This is 
confirmed by the position of the Cs 3d5/2 peak at 724.1 eV (high resolution data, not 
shown), corresponding to the value of Cs bound to a carboxylic group [204]. It is 
worth also to notice the effect of the doping on the Fermi level, causing a 1 eV shift 
towards lower binding energy of all C peaks in the XPS spectra of GO-Cs (Figure 40 
(c)).  The edge functionalization with the introduction of Cs+ does not cause much 
change in the carbon skeletons of the graphene oxide as observed by Liu et. al. [204] 
and confirmed by our Raman spectra of GO and GO-Cs (Figure 41), where no 
appreciable shift is found in the D and G peaks. The 2D peak does not change as well, 
while the shape is compatible with the presence of several layers in the GO flakes. 
However a net increase in the D peak at 1360 cm-1 of the GO-Cs sample is a signature 
of the increased number of defects due to the presence of Cs+.  
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Figure 40: (a) XPS survey spectrum of GO (blue line) and GO-Cs (red line); High resolution XPS 
C1s spectra of (b) GO and (c) GO-Cs. The ~ 1eV shift towards lower binding energy of the peaks 
in (c) is due to the shift of the Fermi level caused by the doping [138].  
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Figure 41: Raman spectra of GO-Cs and GO, displaying intense D and G peaks at ~1380 and 
~1600 cm-1, respectively. The increase of the D peak, which is the signature of defects in 
graphene and GO, is clearly linked to the presence of Cs in GO-Cs [138].  
Gas sensing performance 
The GO-Cs and pure GO sensors were tested towards different concentrations of NO2 
gas balanced in synthetic air at room temperature. The sensors response (R) was 
calculated according to the equation:  
 𝑅(%) = 100 ×  
(𝑅𝑎𝑖𝑟 − 𝑅𝑔𝑎𝑠)
𝑅𝑎𝑖𝑟
=  100 ×
𝛥𝑅
 𝑅𝑎𝑖𝑟
 Eq. 7 
where Rair is the sensing film resistance under synthetic air only and Rgas is the film 
resistance during NO2 exposure.  
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As expected, the GO film showed a resistivity three orders of magnitude higher than 
the GO-Cs film in the presence of air (1013 Ω vs 1010 Ω). The lower baseline resistance 
can be attributed to the reduction of oxygen groups in GO-Cs film as confirmed by XPS 
analysis (Figure 40). Being the value close to the resolution capability of our source 
meter (10fA), the measurements of the GO film was affected by electrical noise.  
We studied the response at room temperature towards different concentrations of 
NO2, ranging from 0.090 to 12.2 ppm. Both sensors exhibited a reduction in resistivity 
upon exposure to the gas, in agreement with the theory developed by Tang and Cao 
[99]: a negative charge is transferred to the NO2 molecules, mostly in correspondence 
of oxygen functional group, resulting in a p-type behaviour, which was also observed 
by Prezioso et. al. [25]. For NO2 concentrations higher than 3 ppm both GO and GO-Cs 
exhibited a significant response, while at low concentrations the GO-Cs performed 
better. The GO-Cs sensor exhibited a significant response to NO2, down to 
concentrations as low as ~91 ppb, while GO sensor did not show any response to 
concentrations below 3ppm. This sensitivity enhancement could be attributed to 
defects introduced into the GO-Cs films during the doping process. Figure 42 shows 
the plot of the GO and GO-Cs sensors response as a function of NO2 concentration. 
Both responses are approximately linear and proportional to the gas concentration. 
Since NO2 is an oxidative gas with strong electron-withdrawing ability, the decrease in 
resistance confirms the p-type semiconductor behaviour of the  sensors, like the one 
observed for carbon nanotubes [57]. For GO-Cs sensor a relative increase in the 
response (RGO-Cs) of 0.7, 1, 2, 4.4, 10, 24 and 40% was recorded for 0.18, 0.36, 0.73, 1.5, 
3, 6.1 and 12.2ppm NO2, respectively. Even at very low gas concentrations, a slope of 
about 3% ppm can be observed (inset of Figure 42), confirming that the as-prepared 
GO-Cs sample is highly sensitive to NO2. On the contrary, no appreciable response has 
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been recorded for GO sensor in the presence of concentrations below 3ppm, while a 
relative increase in the response (RGO) of 18, 41, 65% was recorded for 3, 6.1 and 
12.2ppm NO2, respectively. Table 1 summarises the response of the GO and GO-Cs 
sensors for comparison.  
 
Figure 42:  Response of the GO and GO-Cs based sensors as a function of NO2 concentration. The 
inset shows the response at very low concentrations [138]. 
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NO2 [ppm] RGO [%] RGO-Cs [%] 
0.18 - 0.7 
0.36 - 1 
0.73 - 2 
1.5 - 4.4 
3 18 10 
6.1 41 24 
12.2 65 39.6 
Table 6: comparison of the GO and GO-Cs response towards NO2 with different concentrations 
[138]. 
We observed that the resistance of both sensors kept on decreasing even after 20 min 
exposure to NO2, reaching very slowly the saturation state. From deep saturation, the 
film required a very long time exposure to dry air to recover its original value. 
However, the significant variation of the resistance during the first phase of exposure 
can ensure a successful employment on the field of the sensing device. Therefore, we 
consider the exposure of approximately 4 min as an effective response time. This 
value has been chosen also in consideration of the time required to fill the volume of 
the gas chamber (1100cc) with the target gas, which affects the dynamic response. 
The dynamic responses of GO and GO-Cs upon 4 min exposure to NO2 concentrations 
decreasing from 12.2 to 1.5ppm have been measured simultaneously. 
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Figure 43: Response of (a) GO-Cs and GO based sensors towards NO2 with concentrations higher 
than 1 ppm; (b) GO-Cs based gas sensor after exposure to different concentrations of NO2 
ranging from 0.091 to 1.44ppm and (c) GO-Cs based sensor during 3 successive cycles of 
exposure to 0.732ppm NO2 for 4 min and to dry air for 15 min [138].  
As it can be seen from 
Figure 43 (a), the GO response is initially higher than GO-Cs, but decreases more 
rapidly. When exposed to 1.5ppm, GO response is not anymore appreciable while a 
GO-Cs reaction is still evident. The noisier curves of GO is due to its higher resistivity 
value. Both sensors exhibit a long time to recover their initial value. Approximately 
220 minutes are needed, although this value may be affected by the presence of 
residual NO2 molecules present in the 1100c gas chamber. While GO sensor recovers 
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faster, GO-Cs is not able to fully recover its initial baseline. The dynamic response of 
the GO-Cs sensor upon 4 min exposure to 0.091, 0.18, 0.36, 0.732 and 1.44ppm NO2 
are shown in  
Figure 43 (b). The GO-Cs sensor reacts after few tens of seconds to the NO2 even at 
very low concentrations, down to 180 ppb. In terms of recovery time, for 
concentrations below 1ppm, few minute exposures to dry air is enough to restore the 
original resistivity value. For higher concentrations, the recovery is longer, suggesting 
that the amount of Cs doping can be optimized to make a balance between the 
sensitivity and recovery time. This is in agreement with what observed by other 
researchers [116, 136]. As shown in  
Figure 43 (c), the GO-Cs sensor exhibits a good repeatability, even if a slight drift in 
the baseline is observed. This may be due to the presence of gas molecules not yet 
desorbed from the sensor surface. An average time of 540 sec is needed to recover 
after 240 sec 0.732ppm NO2 exposure. 
Summary 
We successfully fabricated and studied for the first time an NO2 sensor based on 
caesium-doped graphene-oxide (GO-Cs). We demonstrated that caesium doping is an 
effective technique to reduce the GO, making it a promising material for gas sensing 
applications. XPS, Raman and KPFM results confirm the successful incorporation of Cs 
into the GO resulting in the reduction of oxygen groups. The developed GO-Cs based 
conductometric sensor exhibits a very low detection limit for NO2 (down to ~90ppb) 
at room temperature. This can be attributed to the p-character of the GO film, due to 
the intercalation of Cs atoms leading to the reduction of oxygen groups. However, the 
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sensor shows very long recovery, making GO-Cs a good candidate for applications 
requiring high sensitivities, but not fast response. Future works will focus on 
investigating the effect of different species and concentration of dopants on improving 
the selectivity, response and recovery time.  
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4.3 Tungsten Oxide Fe-doped Graphene Oxide  
In this section we report on the gas sensing performances of a hybrid Fe-WO3-rGO 
nanocomposite film fabricated by combining vacuum filtration process with DC 
reactive sputtering method. The content of this section has been submitted to the 
journal Sensors and Actuators B as regular paper by Carlo Piloto, Mahnaz Shafiei, 
Bharati Gupta, Tuquabo Tesfamichael and Nunzio Motta with title “Improving Gas 
Sensing Performance of Fe-Doped Tungsten Oxide Films at Room Temperature Using 
a Thin Layer of Reduced Graphene Oxide“. 
Experimental 
Sample Preparation 
Au interdigitated electrodes (IDTs) with 200 μm gap were deposited on 10 × 10 mm2 
alumina substrate using electron beam evaporation system. Fe-doped WO3 thin films 
were deposited onto the IDT by magnetron sputtering (PVD 75 K.J. Lesker). .  The 
deposition procedures are referred to previous work [47]. Briefly, 50 mm diameter 
tungsten (W, 99.95% purity) and Iron (Fe, 99.9% purity) targets were used as the 
source materials and oxygen was introduced as a reactive gas. After the chamber was 
evacuated to a base pressure of about 4.26 × 10-6 Pa, Ar gas was introduced and 
maintained at a partial pressure of 1.46 Pa during the sputtering. A power of 40 W 
was applied to both W and Fe targets and the deposition time was set to 2 hours. 
The GO layer was synthesized by oxidation of graphite flakes following the method 
reported by Marcano et. al. [203] and Piloto et. al. [138]. The GO flakes with 
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concentration of 1mg/1μl  was dispersed in Dimethylformamide (DMF) and sonicated 
to achieve exfoliated sheets of GO. The GO suspension was very stable over several 
days. The GO flakes in DMF were vacuum filtered onto a porous alumina membrane 
(Whatmann Co., pore size 100 nm) and were then dried in oven at 60 °C for 10 
minutes. The membrane covered with GO film was dissolved in NaOH solution, 
allowing the film to float on the surface. After repetitively washing the film in DI 
water, the graphene film was deposited onto the sputtered Fe-doped WO3 films on 
alumina substrate. Samples with different GO film thickness were prepared by varying 
the volume of the colloidal dispersion quantity from 1 to 100 μl. The GO layer was 
reduced (rGO) by annealing at a constant temperature of 300 °C in Ar for 1 hour 
following annealing at 100 °C in air for 1 hour, causing a drop in the film resistivity 
from M to kΩ range.  
Film Characterization 
The structure and the composition of the synthesized rGO-Fe doped WO3 films were 
analyzed by field-emission scanning electron microscope (FESEM, Zeiss Sigma VP 
microscope equipped with an Oxford XMax 50 Silicon Drift energy dispersive X-ray 
detector at 5 kV under high-vacuum), X-ray photoelectron spectroscopy (XPS, 
Omicron MultiProbe system using a unmonochromated Al Kα X-ray source) and 
Raman spectroscopy (Witec Alpha 300R Confocal Raman Microscope with 532 nm 
diode-pumped Nd-YAG laser). Film thickness was measured by profilometer (Bruker 
Dektak stylus profiler fitted with a 2 micron radius diamond stylus) while Film 
roughness by atomic force microscopy (AFM, BMT Multiscan 4000) in contact mode 
with a silicon tip (Tap300-G). 
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Gas Sensing Measurements 
Gas sensing performances of the devices toward different concentrations of NO2 were 
measured using the system described in chapter 3. The conductivity variation of the 
films at different temperature of 25, 50 and 100°C was measured with a bias voltage 
of 1 V. The duration for each gas exposure was 25 min with recovery time of 2 hours 
in air. The response amplitude (R) of the sensor was calculated as explained in section 
4.1.  
Results and discussion 
Figure 44 (a) shows a uniform coverage of the film, ensuring a large active area for gas 
interaction. As can be seen in Figure 44 (b), the Fe-doped WO3 film without rGO shows 
a typical green coloured transparent film. As loading of the rGO increases the samples 
became progressively darker and less transparent as expected. As rGO films are 
semitransparent for thicknesses around 30 nm [214, 215] observing on the sample 
transparency we expect the rGO layer thickness to span from few nm for 1-25 µl 
loadings to 60-80 nm for 50-100 µl loadings.  
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Figure 44: (a) FESEM image of 25µl rGO loaded hybrid film and (b) optical images of various 
samples  
These estimations are confirmed by the measurements of post-deposition thickness 
and roughness of the rGO-Fe doped WO3 films due to the rGO loading (Table 7) 
Thickness and roughness of the Fe doped WO3 film are consistent with our previous 
works [47]. The film thickness of the hybrid films increases proportional to the rGO 
loadings in agreement also with theoretical estimations.  Generally the film roughness 
is also increasing with rGO loadings deposited,  
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Table 7: Thickness and roughness of rGO-Fe doped WO3 film with different rGO loadings  
 rGO-Fe doped WO3 film 
rGO loading 
(µl) 
Thickness 
(nm) 
Roughness 
(nm) 
0 253 13.3 
1 252 9.8 
10 264 13.7 
25 269 21.2 
50 277 35.2 
100 297 76.3 
 
Figure 45 shows the Raman spectra of the Fe-doped WO3 film and the hybrid films 
with different rGO loadings (1-100µl). For the Fe-doped WO3 film, the peaks at 
762 and 963 cm-1 are associated to the O-W-O and W=O stretching modes, 
respectively [47] suggesting a partially crystallized film. D and G Raman peaks at 1605 
and 1360 cm-1 appear rGO loadings larger than ≥10 µl, confirming the presence of 
reduced Graphene Oxide. In addition, the Raman intensity of O-W-O and W=O bands 
decreases by increasing the thickness of the rGO layer, disappearing at 100 µl. For the 
sample of 25 µl the Raman intensity of O-W-O band is the same as the one observed 
for the Fe-doped WO3, suggesting an intercalation of the WO3 or some inhomogeneity 
in the rGO layer. 
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Figure 45: Raman spectra of rGO-Fe doped WO3 hybrid film as a function of wavenumber (cm-1) 
for various rGO loading. 
 
Figure 46: (a) XPS survey spectra of rGO-Fe doped WO3 (25 µl) hybrid film, and (b) XPS high 
resolution W4d spectra for increasing rGO loadings. (c) Normalized O1s XPS spectra of Fe- 
doped WO3 film, and (c) Fe-doped WO3 with  25 l  loading of rGO. 
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XPS survey spectra (Figure 46a) of the rGO-Fe-doped WO3 samples confirmed the 
presence of oxidised GO together with the peak characteristic of W. The Au peaks are 
due to the electrodes.  
The peaks of WO3 are attributed to W 4f7/2 and W 4f5/2 at 35.7 and 37.7 eV 
respectively and to W 4d5/2 and W 4d3/2  at 247 and 260 eV respectively. As the rGO 
layer thickness increases, a decrease of the W 4d peak intensity is observed as 
expected (Figure 46b). The O 1s of Fe-doped WO3 without  rGO  highlights only a 
single peak at 530.6 eV while the O 1s peak of rGO-Fe-doped WO3 25 l rGO loading is 
de-convoluted into two components centred at 530.7 and 532.7 eV (Figure 46 (c)-(d)) 
which can be attributed to O 1s in WO3 and rGO respectively [216].  
The gas sensing performances of the hybrid sensors at 25°C toward different 
concentrations of NO2 have been measured and the results were  compared to the 
pristine rGO sensor shown in our previous work [138]. Results show that the rGO 
sensor has p-type behaviour [99, 138] and did not recover completely even after four 
hours, whereas the hybrid films recovered much faster (Figure 47). 
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Figure 47: Dynamic response of the pure rGO and hybrid rGO-Fe doped WO3 (25 µl) sensors 
towards NO2 with different concentrations at 25°C. 
Figure 47 shows dynamic response of the hybrid sensors with different rGO loading 
towards 1, 3 and 6 ppm NO2 at 25°C. The response of the sensor with 1 µl rGO was 
negligible. As the amount of rGO increased, the response of the sensors appreciably 
increased. The response revealed an n-type behaviour of the hybrid material which is 
typically dominated by the characteristics  of the Fe-doped WO3 film [47].  
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Figure 48: Dynamic response of rGO-Fe doped WO3 sensors with different rGO loadings (1-100 
µl) towards NO2 gas with different concentrations at 25°C. 
The observed change of carriers is consistent with what reported previously [217-
219] and is due apparently to the charge transfer from metal oxides to the graphene 
layer. After 25 minutes of NO2 gas exposure, the sensors were allowed to recover in 
air for 2 hours. An initial fast desorption phase was observed although desorption rate 
decreased considerably after 35 mins. Although the sensors did not completely 
recover, there was a significant improvement in the recovery time as compared to the 
pure rGO based sensors (Figure 48). After being exposed to 1 and 3 ppm, all the 
sensors exhibited a certain degree of saturation when exposed to 6 ppm. This result 
suggests that these sensors are suitable for sub 3 ppm detection level.  
The response amplitude (sensitivity) of the sensors as a function of rGO loading is 
depicted in Figure 49. It is evident that addition of a thin layer of rGO on top of the Fe-
doped WO3 film assisted the adsorption of NO2 at lower temperatures compared to 
the typical operating temperature of Fe-doped WO3 (150°C) [47]. The sensitivity of the 
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hybrid films was enhanced by increasing the amount of the rGO loading up to 25 µl. 
The rGO layers with loading above 25 µl have been found to supress the effect of the 
Fe-doped WO3 film as confirmed by Raman analysis, hence resulted in a decrease in 
the response. As the sensor with 25 µl rGO showed the highest sensitivity with a 
remarkable response of 4.7% upon exposure to 1 ppm NO2 (Table 8), we decided to 
further study its performances. 
 
Figure 49: Response of hybrid sensors to 1, 3 and 6 ppm NO2 at 25°C as a function of rGO loading  
Table 8: Response of the sensors with various rGO loadings towards NO2 with different 
concentrations at 25°C  
Response (%) 
 
NO2 
rGO loading 
10 μl 25 μl 50 μl 100 μl 
1 ppm 4.1 4.7 3.2 1.1 
3 ppm 4.3 5.9 4.2 1.4 
6 ppm 2.9 5.6 4.2 1.4 
The repeatability was investigated by testing the 25 µl sensor upon exposure to 
repetitive 3 ppm NO2 pulses (Figure 50). The sensor exhibited a higher response of 
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7.6% at the first pulse, but did not recover to its original value. This could be due to 
the fact that NO2 molecules were trapped in the film and could not be desorbed at 
room temperature hence caused a new baseline for the sensor. At the following 
pulses, the sensor reached the saturation state quicker and recovered to the new 
baseline level. 
 
 
Figure 50: Dynamic response of rGO-Fe doped WO3 (25 µl) sensor upon exposure to five 
successive pulses of 3 ppm NO2 at 25°C 
To improve the slow recovery time, the sensor with 25 μl rGO loading was 
consequently evaluated at higher operating temperatures of 50 and 100°C (Figure 
51). Table 9 compares the response of the sensor towards NO2 with different 
concentrations. It was observed that the sensor was fully recovered after 80 minutes 
to its original baseline value at 50°C but slightly lower response compared to the 
results obtained at 25°C. These results suggest that the sensor can be used in time 
critical applications, but the faster recovery is at the expense of shorter battery life. 
When the sensor was operated at 100°C, the response was significantly declined. The 
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sensor was tested again at 25°C and showed consistent results as of the original 
measurements (Figure 51). SEM investigations before and after the measurement at 
100°C also did not show any change in the microstructure.  
 
Figure 51: Dynamic response of 25 µl rGO loaded sensor upon exposure to 1, 3 and 6 ppm NO2 at 
25, 50 and 100°C 
Table 9: Response (Sensitivity) of 25 µl rGO loaded sensor towards 1, 3 and 6 ppm NO2 at 
different operating temperatures 
NO2 
(ppm) 
Response (%) 
25°C 50°C 100°C 
1 5.29 3.94 1.07 
3 6.65 4.65 1.11 
6 6.5 4.60 1.02 
 
Gas Sensing Mechanism 
The experimental results exhibited that the deployment of a hybrid layer of WO3 and 
rGO optimizes significantly the operating temperature and recovery as compared to 
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the Fe-doped WO3 and pure rGO, respectively. To justify the enhanced sensing 
performance, a model is developed and presented in Figure 52. Previous models 
hypothesized that the enhanced sensitivity of hybrid sensors is due to a depletion 
region modification at the interface between metal-oxide nanoparticles and graphene 
composite [154, 158, 163, 167-169]. In our study for the first time we presented a 
layered structure composed by two uniform layers of graphene oxide on Fe-WO3. Our 
previous experiments showed that upon exposure to NO2 rGO and WO3 behave as p-
type and n-type behaviour respectively. Therefore it is hypothesized that a p/n 
junction is established once a hybrid layer of rGO-WO3 is formed [150, 157, 179].  
 
Figure 52: The scheme of hypothesized gas sensing mechanism. (a) The width of the depletion 
region at the rGO-WO3 junction at equilibrium (b) NO2 molecules modifies width of the 
depletion region by withdrawing electrons from the rGO surface. 
At the rGO-WO3 interface, the width of the depletion regions at the electrical 
equilibrium is governed by:  
 𝐷𝑝𝑁𝐴 = 𝐷𝑛𝑁𝐷  Eq. 8 
where 𝐷𝑝 and 𝐷𝑛 are the width of depletion region on rGO and WO3, 𝑁𝐴 and 𝑁𝐷 are the 
ion electron acceptor and donor density, respectively. As conductivity is proportional 
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to the number of free charge carriers, the resistivity of the path between the two 
electrodes is strictly related to 𝑁𝐴 and 𝑁𝐷 .  
Upon exposure to NO2, the target molecules withdraw electrons from the surface, 
increasing the positive charge carrier density ( 𝑁𝐴 ). This is reflected in a reduction of 
the depletion regions and therefore, an increase in resistivity of the conductive 
channel. This theory is in a good agreement with the experimental results presenting 
n-type behaviour towards NO2, an oxidizing gas. 
The 25 µl sample comprises the optimum rGO layer thickness resulting in the highest 
response to NO2 gas, due to a correct balance of the ratio between the depletion 
region and the layer thickness. In fact: 
 For thinner layers the lower sensitivity can be explained by the fact that the 
depletion region width is comparable to the rGO layer thickness. Therefore the 
amount of ions able to donate electrons to NO2 molecules is strongly reduced.  
 For thicker layers, the variation in the depletion region width and therefore 
change in the channel conductivity is negligible as compared to the thickness of 
the layer, thus limiting the change of resistivity.  
As the operating temperature increases, the width of depletion region shrinks [220], 
therefore the impact of its variation on the channel conductivity is reduced. This 
theory confirms the lower response at higher operating temperature (Figure 51).  
Summary 
Hybrid sensors of rGO and Fe-doped WO3 films were evaluated for NO2 gas sensing at 
operating temperatures of 25-100°C. It was found that addition of optimum layer of 
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rGO on the Fe-doped WO3 films significantly improved the sensing response at room 
temperature. The effect of rGO layer thickness, with loadings of 1-100µl, on the 
sensing performance was investigated and found that the sensor with 25 μl of rGO 
exhibited the highest response. The sensor response was 4.7% to 1 ppm NO2.   
The electrical properties and NO2 gas sensing mechanism of the devices were 
explained by analysing the effect of NO2 interaction at the interface of rGO and WO3 
layers. A p-n junction is established once a hybrid layer of rGO-WO3 is formed. Upon 
exposure to NO2, the depletion region in the rGO layer is modified and results in an 
increase in resistivity of the conductive channel between the two Au electrodes. In 
case of thick rGO layer, the variation in the depletion region and therefore in the 
conductivity of the sensing layer is negligible. WO3 film used as background substrate 
for rGO has proven to be a promising architecture for room temperature operating 
NO2 sensors. Sensing measurements performed at 50° C highlighted that a faster 
recovery is possible at the expense of slightly lower response resulting an increase in 
power consumption.  
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5 Conclusions and Future Work 
The aim of this PhD project is to improve the gas sensing performances of carbon 
nanomaterials by chemical decoration/doping as well as by optimizing film 
morphology. The research questions pointed out at the beginning of this project are 
related to the need of low power and ubiquitous gas sensor with excellent sensitivity 
and response/recovery time at room temperature. To this extent carbon 
nanomaterials are very promising given their peculiar morphological and electronic 
properties. Although good results have been reported so far by other groups, further 
investigations on this subject are mandatory to overcome some of the drawbacks of 
these sensors.  
In the frame of my thesis, different carbon based nanomaterials have been produced 
with different deposition techniques. A variety of techniques have been used to 
analyse the chemical composition and film morphology of the produced materials 
including Raman spectroscopy, Scanning Electron Microscopy, Atomic Force 
Microscopy and Transmission Electron Microscopy. The sensing performances of the 
devices have been analysed by evaluating the resistivity change upon exposure to a 
variety of polluting gases.  
 
Three main results have been obtained in this thesis:  
1) Ultrathin CNTs film sensors were synthesised by dip coating on CNTs dispersed in 
chlorosulfonic acid. This surfactant free process shows excellent sensitivity as low as 
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1ppm toward NO2 and 7ppm toward NH3 at room temperature. These results have 
been explained by the low film thickness (~ 5 nm) and high density of CNTs. We 
investigated the effect of sonication of the CNTs film on gas sensing performances. By 
using XPS analysis the increase of surface area exposed to external molecules was 
highlighted. This justified the improved sensitivity of sonicated CNTs thin films.  
The proposed method represent a step forward compared to what previously 
reported in literature, as it enable high scalability without involving the use of 
expensive equipment which makes it an excellent candidate for mass production. Due 
to the reduced thickness of the films, a very low amount of material is needed to 
fabricate a sensor. Moreover the simplicity of the deposition technique ensures 
reproducibility of the sensors. 
2) We have fabricated and tested caesium-doped graphene-oxide (GO-Cs) gas sensor 
with excellent room temperature sensitivity. We demonstrated the successful 
incorporation of Cs into the GO by XPs, Raman and KPFM analysis. The prepared GO-
Cs solution was drop casted on IDT electrode and tested toward different NO2 gas 
concentrations. A low detection limit of 90 ppb was measured at room temperature. 
Such high sensitivity is explained by the intercalation of Cs atoms causing a reduction 
of the oxygen groups. Although higher sensitivities to NO2 at room temperature have 
been reported, the described sensor is cheaper and easier to fabricate. 
3) We developed a hybrid graphene oxide- metal oxide film sensor by depositing a 
thin layer of rGO on Fe-doped on alumina substrates. The multilayer structure was 
produced by combining vacuum filtration with DC reactive sputtering technique. 
Raman spectroscopy and XPS analysis confirmed the presence of both rGO and WO3. 
While pristine rGO and Fe-WO3 requires an operating temperature of at least 200 °C 
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the hybrid sensor exhibits sensitivity down to 1ppm NO2  at room temperature with 
greatly improved response and recovery time 
 
Development of the gas testing facility realised in order to produce the above results: 
1) We designed and fabricated a gas testing system that enables accurate resistivity 
measurement of devices in a weather sealed chamber ensuring a controlled 
chemical environment. In particular, to achieve measurements accuracy and 
repeatability, I developed a graphical user interface in LabView™ that automates 
and synchronize all the experimental procedures. 
2) We designed and outsourced the fabrication of Cu-Be shadow masks for the 
deposition of interdigitated electrodes. We successfully deposited Au electrodes 
with the addition of a thin Ti layer which increases the adhesion strength to the 
substrates. This opens to the possibility of bonding the electrode to external wires 
using current discharge process. 
By exploiting these developments we have also measured the gas sensitivity of other 
nanomaterials including WO3, Cu-TCNQ, ZnO to a wide variety of toxic gases, with 
temperature spanning from 25 to 350 °C range. All these results have been published 
or submitted to International journals as presented in the section: Author’s 
Publication List” 
 
In conclusion the aim of this PhD has been achieved by synthesing two new materials 
(GO-Cs and hybrid rGO-Fe doped WO3) and optimizing a CNT ultra thin layer coupled 
to a new deposition technique. These materials demonstrated excellent sensitivity at 
room temperature to both NO2 and NH3, providing a new pathway to realise room 
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temperature gas sensors. The developed sensors are ubiquitous for applications with 
high portability requirements not only because of the low operating temperature 
compared to traditional metal oxide materials but also for the low size and and 
production costs. Moreover the described fabrication procedures are simple and the 
required amount of material very small making them suitable for mass production 
processes. Based on these results we strongly believe that the integration into devices 
with high sensitivity and fast reaction requirements is quite possible.  
Despite these achievements several points have still to be fully understood, in order to 
optimise the sensing devices to operate at room temperature with an increased 
performance and to open the way to a commercial application of this technology.  
All these results have been acquired in dry air condictions, as we did not have the 
instruments to control humidity. It is expected that water molecules will interfere in 
the gas molecules detection mechanism thus affecting sensitivity or raising cross 
sensitivity issues. 
These are the object of the future work of this PhD, and are listed below. 
Future Work:  
1) Although GO-Cs exhibited excellent sensitivity, the sensor shows very long 
recovery, making GO-Cs a good candidate for applications requiring high sensitivities, 
but not fast response. Further investigations are needed on the effect of different 
species and concentration of dopants on improving the selectivity, response and 
recovery time.  
2) The proposed approach for CNTs thin films deposition has shown promising 
results, however the role of sonication to increase gas sensitivity is still to be clarified. 
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It is suggested to produce CNTs thins film with different sonication time and analyse 
the impact on morphology and gas sensing performances. 
3) The addition of rGO has lowered considerably the operating temperature of Fe-
doped WO3 sensing films. However further investigations are needed to validate the 
proposed sensing mechanism. For example it is suggested to characterize the I-V 
characteristic curve between rGO and WO3 by depositing a second electrode terminal 
on top of the rGO layer.  
4) Further efforts need to be addressed to enhance a selective reaction of carbon-
based gas sensors to other gases such as CH4, CO and ETH toward which a very low 
sensitivity was recorded.  
5) Despite the large amount experiments and theoretical studies investigating on 
the sensing mechanism, few efforts have been dedicated to clarify the effects of 
humidity on the sensor performances. Experiments reported so far are usually 
performed in dry air, which does not faithfully reflect the real life conditions. A great 
enhancement to the gas sensing system will be the implementation of a humidity 
control system.  
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